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Abstract
Usilll?, thl' dispnsioll corrected dl'llsity fll[lCtiollal tI[('ory (DI"T-D/l3lJ7D) <lppro;wll.
we llave \H'rforlm:d IIIOll'cldar alld solid-st<lh' call'ld<ll iOlls to stlldy till' illfhll'l[("l' 01
illtr<l- ,lIld illtl'r-llloll'Cldar illtl'r;wtiolls Oil till' bllik slrlll'l.ml' ,lIId thl' l'll'('lrollic ;lIld
optil',t\ propertil'sof IllIon'lll'-h<lSl'd ('Olljlll?,<lll'd pOlvlIll'rs. III p;lrlil'ldar, Wl' ill\'l'sti!!,;JI,l'
til(' roll' of side-chaill 1t'IIf!,th Oil till' IlIoll'cldar packill!!, ;lIld optical pro!H'rt,il's of poll
UJ, lJ-di-ll-alkylflllon'lIe-alt-!Jl'lIzol,hi<ldi<lzoil') or 1·'1113'1'\ wl[('n' II is tI[(, 1I111111)('r of (,II~
1IIIits ill the alkyl side-chaills, The resliits illdil'<ltl' th<lt for the Fld3T wiLli IOIl!!,l'r sidl'-
chaills, dill' 1,0 the sigllilicallt illtl'r-llloll'Cld<ll' iIlU'r;wtiolis bd,Wl'l'lI I,ll(' side-l,lliIi[ls,
the packilll?, of' thl'sl' pO!.Yllll'rs forlllS <I 1<lllleliar strlll'l.ml', 011 till' ot![(,[· h,llld, fo[
the FIIDT with shortn sidl:-c1mills. III(' cyli[ldric<l1 plJ<ISl' is Illorl' fm'or,lbll' ;llld 11[('
COITl'SPOI[(lilll?, ('["ysL,t\s <ll'e ahllost ![('X'If!,OIl<l1. TI[('sl' dilfen'l[t packillf!, strllCtlln's C;I[I
be <ltt,rilJllted to thl: Illinophase separatiolls l)etwl'<:11 thl' flcxibil' sidl'-ch<lills alld Ihl'
rigid Imckl)ol[('s alld <In' ill al?,n'l'Il[('llt with pn'viollS illVl'stil?,<lt iO[IS for othl'r h;\in'-rod
pOIYlllerS II. 2J. III additioll, <IS a n'slllt, of thl' dlicil'liI, illtl'I'-chaill illtl'r;\l'lio[IS 1'01
til(' lal[I('llar SLrllCl,I\['('S, Lhe dihl'dral ,lII!!,ll' I)('Lw(,l'll I hl' F ;lI[(1 11'1' 1IIIits is n'dlll'l'd
I)y abolll :\00 providillf!, a IIlOJ"(' plall<ll' hackbolll' which ill tllrll Il"\lls 10;\ dl'(,["l';ISl'. oj
<lbOllt 0.2 ('Valid 0.;\ IN, ill Lhl' Imlld f!,ap of L11(' la[II('lIar slrllcLI\['(' r('lat iVl' 10 ils \'<lllll'
for Lhe f!,<lS alld cylilldrical ph<lsl's respectively. Tilile-depelldelil, DFT is ,t\so Ils('d 10
sLlldy Lhe ('xci Led staU's of the 11I01101l1('r of 1"1113'1' with variOllS Il'llgLhs of sidl' Ch'li[IS
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Chapter 1
Introduction
1.1 Conjugated Polymers
Sill('(' E)90, wll('11 tile first d('IIIOIlstratioli of ('fectrollllllill('SC('IIC(' ill I'olljllf.'/lll'd (,Iiso
n>{'I'rl'('(l t.Oas l'OlldIICt.illp;) polylll('rS (CPs) 1:11 was 11I,\(le, I'XII'IISivetlll'orl't,i(';Ii alld I'X-
!)('I'illll'III,al illv('st.ip;at.iolls lIave IH'('II cmril'd 0111011 I,III' val'il'l.yoftlI('strlll'l,III'I'soruJ('sl'
I,ivity wl\('11 dopl'd alld slIo\\' ot.lIer optoell,(,t.rollic pro!H'I'l.il'S SIII'II ;IS ell'drocIJl'()lIlislli
["ii, e!I'ct.rollllllill('S('('II('C [;llalld larp;e 1I01l-lillear opt.il';Ii I'('SI)()IIS('S [fil, i\LIIlY'IPpli(';l-
t.iolls ImvI' heell proposed ror tlIis class or polylll('rs alld SOIIl(' Ilav(' IH'('II l'OIlIlIlI'I'l'i,Iih
illlpll'III('lIted ill devires slicii ;IS orp;allil' liRliI. l'lIlittillP; diodes [71. plIot.ovoltail' ('(,lis
11'\1 alld lield drect. t nlllsistors [9, JOI, JlliproVI'd pl'rforlllalll'l' or t.lIl'SI' dl'vil'I'S/III'I-
terials is COIlt.illilillly IwiliR sOIlp;IIt.. TlIis dror!. «'<jllirl's I)('ttl'r kllowledp;e or II1I'ii
optoelectrollic prop('l'ties slJ('1I as Imlld pIpS, h'llid widt.lIs 'Ilid ('lIerp;y 11'\'l'ls '1IId 01
tlIeir t.rallsport. propntil'sslicii as clIarp;e IIJOllilil,y alld l'III'rRY tr'IIISr('r, III t.111'I1, UJ(' ill-
vl'stip;atiollS or opt.o('I('ctrolli(· alld t.nlllsport. prOp('l't.il'S «'<jlli«' tlIe det.aill'd kll()\\'II'd).';('
Or CPs I)lilk, t1m'I'-dilll('IISio",t1 (:\D) st.rlll'l,III'I'S For ('Xalllpil" WII('11 t.11I' ).';as-pIIiIS('
oligollier approaclt i~ II~l'd to pll'dict opl ind halld gilp~ ill hldk polYlIl('r~ (witlt ililillitl'
cltilill lellgt Its), ~olid-~tate val lies arc 100 ~llIilll hy 0,2-0,:\ eV dill' to 1111' IIl'gll'd of Ill('
illtl'r-Illoll'cldar illterilctioll~ [1.1.], 1."01' dlHrgl' trallsport. Iltl' illt('r-Illoll'I'ldar dis(;1I11'1'~
alld Illoleclliar oril'lItatiolls an' key fador~ ill detel'lllillilig till' cltarge Irilllsfl'r r,lIl's
[1.2,L:\,I. LI]
"'roll I tltl' sll'll('tmal poillt of view, C'P~ call 1)(' cilt'.egorizl'd iI~ 1l<liry-rod polYlll('r~ [I, 1:,[
('OIISistillg of rigid I);\ck-!H)II('~ illld f1('xihle ~id('-clmills. OI'!H'llllillg 011 till' prep,lrill i011
factors ~IICIt ilS l.l'III1H'nt!.lIn' ,lIld ~olv('III, I.\I('SI' Illall'ri,i1s ('all self-orgilllizl' illld for II I a
nystallilll' pll<ls('~ iI~ well iI~ 1.\1l' 11('llliltic iliid isotropic pll<I~('~ [I. I(i[. 'I\'pic,dk. I It('
~tlldied Cr'~ bldk ~tl'll('tllresme ill tlte I'orlll of filllis tltat an' Spllil Ollt of ~O!lllioIIS
III tltl' dis~olvillg process, sidc-cll<lills illn(',IS(' till' soilihility of polYlIl('r~ 1>\' ('ldl<IIICillg
tlteir ,Ittractive illteractioll~witlt solvl'llt IlloleclIll's. Till' residtillli C'P~ IlIdk ~tl'll('tme
i~ 1'~sl'lItial!y cOlltrolled hy ~trollg ililril-Illolt'cldar iIILt'radioll~ alollg 1.\1(' 11I<lill cltaill
alld weakl'r illtl'r-dmill ill\.('rm'l.iolls illolIg 111l' side-hy-~ide ,llld 7f-~tilckillg 117. IKI
dirl'ctioll~ II., Hi]. III tltis l'olltext, ill ,Idditioll to tltl'ir solllhility !'ffed.. tlte 1('llgtlt ,111(1
t Itl' Illorpltology of sid('-dlilill~ Cilll din'dly ilfred lite Illolecldar pilckillg (ilp;gn'g,t!('
forilliltioll~) ,lIld l'oll~eqllelll.\y tlte !lIdk ~tl'll('tlln'~ of Cr's [J, I (il
'I'll(' tltl'ory of IlIinop!Ja~e ~('palill,ioll ill pOIYIIII'r 1II,t!('riil!s [I, 2, 11)1 pl'l'dids 11I<t!
Itiliry rod poIYIII('r~ witlt IOllger ~id('-Cltilill~ Cilll forlll iI lallielim ~trll('f.III'(' ('OIISisl.illg
of two alterllatillg, IlIinoplta~I' ~l'panttl'd, dOlllaill~ Illadl' of 1.\1l' rigid h,l('k-holll'~ illld
til(' fkxihle side-clmills n'sp(,(tively. 011 1.\1(' otll('r ltilll(l, POIYIII('rS wit It ~ltorkr sidl'-
cltaills for II I crystal strllctlll'l'S tltat nlll Imv(" for I'x,ullp!e, Il('xagollal sylllllll'tr\' ,lIld
exltihil illg sidc-cllaill illterdigitatioll. Tllerefor(', it follo\V~ tlt,lt 11t(' hllik sl 1'11('1 lin' illld
('OII~('qll('lIt1y j,J1(' optical illl(l cicci rollic iliid tr,lIl~porl prop('rtil's of (,I's ,1J'(' Itiglth'
dl'pl'lId 011 th(' 1('lIgLh of thl'ir ~id('-dlilill~ II, 21. Thi~ filcl, lilill I Ill' 1('lIgl h of ~id('-dlilill~
propl'rti('~ alld chargl' trall~port of LlIl' hairy rod PoIYIIIl'r~, hil~ l)(,l'lI Wl'll dOCIIIII('I!I('d
alld l'olllirillcd hy 1II1I1Il'roll~ l'XIJl'rillll'llt~ [Hi, 20, 21, 221
PolyfllloJ'('lIc~ (PF~), OIlC of thl' 1I10~t ill,!JorLillIL c1i1~~l'~ of CP~ 12:11. call Ill' I hOllghL 01
iI~ hiliry rod POIYIIll'r~. Thl'Y arc kllowlI for hilVillg; l'xcl'lll'lIl IIlIalltll 11 I l'fli('i('lll'i('~, good
('arril'r IIl0hilitil'~ illld ('xl'l'ptiollall h('rllml alld Chl'lIlicill ~tilhilitil'~ I(il. !\1I1011g 111l' 1111-
orl'lIl' dl'rivativc~, poly(9,~)-dioctylflllor('II(')(1'1"0), which is dmracl.l'riz('d ill I,'iglll'('
1.1, hil~ J'('('l'iVl'd l'xtra attclltioll. II. ('xhihits 111'0 IIIi1ill IIlorpllOlogicill forlll<lIioll~. 1'('-
fl'ITl'd to a~ al ph,1 ,lIld Ill'ta phil~l'~, wh ich C,III Illod i fy i t~ pllol o-phy~icill hl'h,II'iol
Th(,\, arl' thl' alliorpholls glils~y pha~(' (alpllil phil~('), ill which I'FO 1I101('('III('~ 11<11'('
largl' lor~iollal allgl('~ IwLw('('1I till' adj'H'l'IIL IIIOllOllIl'r~. alld th(' ~o ('illl('d 1)('la pllil~('
with ,I high d('gJ'('l' of OIgalliz<lt,ioll illld pl<lImr 1'1"0 IlIol('Cld('s. l'arLi('llhr ('lllphil~i~ II<IS
fOI'lI~l'd 011 th(' ~o-cililcd IJl,ta-phil~I', whidl ~how~ l'lIhalll'('d 1IIIIIill('SI'('III'('. ,I cll<lr,lcl('r-
istic wcll-dclillcd lIarrow ah~OIptioll Imlld at 4:1K 11111, illld all 1I1111~lI<dly \\'('II-J'('~oll'('d
f1llorl'~('l'II(,('. This phil~l' potl'lIt.ially ha~ Illajor tccllllOlog;ind ilpplicatiolls. illl'llIdillg
hllll'-light-I'lllittillg diodl'~, optical ~wilchl'~, thill fihll tnlll~i~lors. solar ('('Il~ ,llId I<1~('rs
1I0wl'Vl'r, ill hldk phil~l'~ ~1I('h iI~ thill fillll~, Lhl' alphil-pha~l' ,lIld hl'la-pII<ISI' lIorlll,dh-
(,Ol'xi~t.
TIll' forllmtioll of PFO aggrl'gatl'~ i~ dll(' 1,0 hoLh the aU riH'tivl' di~p('\'siVl' n: /n: il!ln,Il'-
Lioll~ hd,w('l'lI the hilCk-holl('~ allli I hi' Iyp(' of sidc-('haill~ ('llIplm'('d ill LlIl' poIYIII('r~
For l'x'lIl1pl('. dl'~piL(' Lhl' ~illlilar chl'lIlicill ~II'IIl'LlII'l' of th(' 1l<ll'k-I'OIIl'S of PH) ,1I1l\
pol'y«),9-hi~(2-l'l hyllll'xyl)-lIllor('II('-2,7-diyl) (PF2/(j) ("'iglll'(' 1.1), 1',ll'h l'xhil,its dis-
lilll'l.iVl' phil~I' hl'hilVior alld opl iCill propl'rLil'~ ill LlII' hllik for 11 I 12:11. TIll' IIlnjol
PFO PF2/6
Figllrl' 1.1: CIi('lllical strJlclllrl' of PFO i1Il(l PF2/<;
differellce helw('clI tlil's(' polYlllcrs is ill tlieir sidc-cliilill Illorpliology; wliile I'FO 1i,IS
lillei!r side-cliaills, PF2/(i lias ImlllClil'd side-cliaills.
III additioll to til(' plll'sinl! Illodilicatiollsoll tll('sid<'-cli,lills, cll('lllil'al alll'r;lIiolls 10 III('
Illaill cliaills of PIc,; also provi<!<' illl\)()rtalli 11I1'cliallislll for lillI' tlillill).!; 1'11'drollic ;llId
oplical properlil's for tll('sl' IIlatl'rials [2.1]. 111;1 Figllr<' 1.2. 111111I1)<'r of tlil' i111<'rJl;llill).!;
sl)('drJIIII.
Poly (!l. !)-di-lI-ol'l\'lflllon'III'-;l!I-I)('lIzotliiadiazoll') or FKl3T. sliowlI ill Fi).!;IJr(' 1.:\. is
;1 PI" d<'riv;lI,ivI' willi ;l!I<'rlliitill?; oct.,·lfillor('III' (FK) alld IH'lIzollii;lIli;I/oll' (13'1') 1IIIils
FKI3T is I'ollsidl'red to 1)(' a good ell'('troll-tnllISIHlrtilll-\ polyllll'r Illilll'riill [2;',2(;.27,
2KI. Olle to t.liis propl'rty, 1)lellds of FKI3T witli Iiolc-Iriliisporl CPs 1i,11'1' IH'I'II IISI'd
I~xtcllsively ill OIp\lIic li?;lit ('Illittillg diodl~s allli orgallic pliotovollaic cells to h;l!;IIII'I'
tlieir carri('r IIlohility alld COIISI'<jIICllt.ly to illlproVI' t.Ileir dlil'il'llcies 121), :\01
1.2 I' T\.,,,,,,,, .. ,..... , ... O~I [~:;;. or 11](' Illlon'~""IW" ..olor~ or ~"\'l'r;d 1)1" ,'o-;J!I,'rll;\1 i"ll~ ill III,'
I:ig\ll" 1,:1: C!]('llli"ill Slrlwlllrt' or I.'KIIT
f\i<UIV g('lll'r<l1 (systelll 1I011-SP('I'ific) ('Olllpllt('r sillllll<lIiolls to IlIodell'll;I!'l2;<' Ir<llispol't
ill CPs haV<' 1)(,1'11 carri('d Ollt (Sl'(', for I'X;lIllpll', rl'fl'I'('lll'('S 1:\1, :\2, :nl), 'l'h(' I IIl'or(,t i-
cal/('Olllplltatioll<tI approach appli('d to ('olljllg<lted polyllll'rs is <I proillisilig ;Iid ill I Ill'
sylltill'sis of IIlHterials with l'lll' higllest dliciellcy, Th('s(' illVl'stigatiolls illvolw 111<111\
IllltlJ()ds, fl'()11I the 1'lllpiric<l1 111(';111 li('ld Silllld<lliolls to <l1J illitio IIlelhods, NIIIII('rOIlS
ql!illltllill IIIl'Challic<l1 illV<'Stig<ltiolls of optoelel'll'(lIIic properties for PFs ;lIld d('riv;l-
tiv('s, prillli\lily lJ<lsed 011 ;«'cllral(' 111('1 hods slll'h <IS d('lIsity flllll'tiollall,lll'ory (1)1"'1'),
werl' p('rfOl'lIled Oil isolat('d oligolliers ,1I1l1 polYIIll'rs ill ;111 id("tli;l,('d seUillgs, 1I00vI'I'I'r,
IIIOSt ('Xperilliellts are perf01'1 lied ill solid st.ate ,llId/OI' ill sohiliollS (Oil SIH'cilic Illolec-
iliaI' syst.ellls) , hl~lIce solid-state alld solvellt efl'ects 1I111St. lJe tak('11 illto i«'('Olllil 11'11('11
('OIIlPlltillg balld p,<lpS alld other ele('l.I'(JIIic alld trallsport, propertil's I:\cll
1.2 Current Research
The II!ilill ohj(~d,ive of this work is to stlldy the 1110k'('ldm st 1'1 Il'tl ill'S of I Ill' (ildi-
Ilitl') oll('-dillll'lIsiollal (ID) alld :\D nysl'.itls of <I cI'rt<lill class of f1l1or('II(' hilsed (e,g
('O-alti'rll<ltillg flllorl'IIl' <llId oxadia;l,oll', alld/or flllorl'III' illld 1H'lIwthi,ldiilwle) po!l'-
1I1('rS alld oligOillers alld thell to d<'l.l'l'Illille their COIT('SIHlIldillg optic<ll ;lIld l'I('l'I.rollil'
proP('t'l.il's, We lise t.11l' dispersioll correct.ed OFT I(if. (i2, 70, 711 (\)1"1'-0) 111;11,
ill prillciple, shollid takl' illto ill'('Ollllt the 10llg rallgl' iIILi'l'IIlol('I'ldm illtl'r,ll'tioIIS ill
th('s(' solid state calclliatiolls, 'vYl' fociis Oil OlJt<lillillg detailed kllowll'dg(' ('olll'l'rllillg
the 1I1('chilllisIIlS illvolved ill the illtnt-illid illt('r-lllol('cldm illtn<ldillllS 1)('1,\\,('('11 till'
IJilck-holll'S alld sidl'-ch,lills ill UIl' hltlk ph,ls('s of Pies illid UIl'ir ('O-;tltl'I'lliltillg dnil'<I-
tives, Next, WI' disCIISS how t.1ll' Illolecidar pill-killg('all ;tll('r t.Ill'el(,(,trolli(' iliid opticltl
pro!H'rtil's of this class of polyllll'rs, 1'11(' oht;lilll'd I'('sldls (',1111)(' of gl'(';11 ilil('I'('st to
('XI)('rilll('lItalisl,s (c,g, for cOlIstl"ll<"LiOII of cicctnlllic d('vicl'S) nlHI otlll'rs
Tlie olltlille of Lliis tliesis is ns follows: Cliaptcr 2 prl'sclILs tll(' !>nsic ('OIH'l'pls 01
l-IarL[,('l'-Foc" (I-IF) alld DFT IllI'Lliods nlld till' tlH'or('lic;d l,rmLIIIl'lils for p('I'iodic
SVSU'IIIS I)y IIsill).!; tll('S(' IIICtliods, III ClinpLn 2 wc ,dso ).!;iv(' ;\11 oV('rvi('II' of tlH' !>;Isi(
('OIIC('ptS !>eliilld tilll('-dcl)('lld('IIL OFT ('1'0-01''1') II ICtiIOd, Cllnpt('r:l prl's('lils I Ii('
COlllplilatiOll<11 details of CnIISsi;\II()(j (';\klll;llioIlS, Tlic IlIaj(lr parnIIH'I('rs slH'1i ;IS
LIi(' IllI'ory Icvcl ,\lId OFT fllllcLiollnls Ils('d ill optillliznLioll nlld sill).!;lc poilll l'lln).!;\
('alclllaLioll ar(~ disclIsscd ill Cliaptl'r :1
ClinpLcrs4 ;\.IId 5 disCIISS tlil' ITsllltsoftlie IlIolcclllnralld till' solid sLaLl' (l.linL illvolV('s
pcriodic IJOlllldmy cOlldit.ioll (PI3C)) cid('lIlatiolls 1'01' PF nlld dilfl'rl'llt. PI" dl'ri\';tI i\'('s
III Cliap(.('r 4, first tlic ['(,<\SOIl for 1I('cdill).!; to l'llIploy t.lic dispcrsioll ('OI'l'('('I('d 1)1'''1'
IlIel,liod ill Olll' :ID solid state sl,lldics is disClIsscd, ~Iost of t lie cnklll,tI,iolls ill C'llilpll'l
4 arc ('arri('d 0111, for Pies, Tlie rl'sldts 1'1'0111 Cliapl,('r cl a.\'(' tlH'1I IIs('d 10 dil'l,(,t tlH'
rcsear('1i to illvcst.i).!;;iI,l' tlic I'Oll~ of sid('-cliaill Il'lI).!;tll Oil tlil' nysLnl stl"ll<"llIrl' of 1·.."nT
TliaL is, Cliaptl~r ;) deslTil)('s LIi(' ('[1'('('1, of sidc-clinill I('II).!;I Ii Oil tlH' Illd" sll"ll<"IIII'l'
alld cle('Lrolli,' ,lIId opLic,d pl'Opnti('s of J.'KI3'1' Fillnlh', C'1i;lpt('r (i SIlIlIIIl;II'iz('s IIH'
l'OIlCIIlSiollsoftliistlH'sis
Chapter 2
Theoretical Framework
Over I he Pil~t.·l() ycars, DPT I)il~ed ilpproil('h('s havc 1)('('11 wid('I\' II~cd ill til<' qll<\llt.lllll
II ICc! lall i(,il I (,olllpllta.tioll~ ill IlIolc('lIlm alld !)('riodi(' ~YSt.l'IIIS as wcll a~ III<' ('Ollqlllt,l-
t.iOII~ of t.he potellt.ial ell(~rf!;y slIrfa('('s (PES) ill ~illp;le IIlole('IJI('~. Thi~ ('Ilapt.('r !lJ'('SI'llt.~
t.hc I)il~i(' ('oll<'ept.~ 11I1<1('rlyillf!; DPT III<'1.hod~ ,lIId a f!;('II<~ral il.pprwwh ,l<lopt('d for I hc
ill> illit.io stlllly of UI(' ele('t.nllli(' ~t.l·II<'1 11I'1' of pniodi(' ~y~t.<'III~, Thi~ i~ fo[IOII'('d I>y UI<'
de~nipt.ioll of TD-DFT IlIcLhod IIsl'd to ~tlldy t.he ('.'C('it.('d st.at.('~ of Illolc('III('s
2.1 The Solution of the Schrodinger Equation
I\lo[('('IJIar orl>ital (1\10) thcory, i~ prilll<\.rily ('oll<'('rlled wit.h filldillf!; ,III '1<'('llrat.(' ~O[II-
t.ioll of lIoll-relativi~t.i('Shriidillf!;er ('qllilt.ioll ill ordl'r to ol>t,lill t,II<' f!;rolilid iliid I':\('ill'd
st.at.e (~llcrgi('s alld (·ollse(I'I<'lll.Iy UI(' ('I('l'I,rolli(' prop('lti('~ of ,dollli(' illl<l 1I10[('('1I1i11
~y~t.<'I1I~ 1;\;), ;\(i, :171. By applyillf!; UI<~ 13()J'1I-0PP(~lIll('iIlICI'appro:\ililidioll ill II'hi('h
dll(' 1.0 !,II(' largn IlIa~~ of a 11I1('1('I1~ (,ollipmed t.o ,\II 1~!C(·t roll. UI<' 1I10t i011 of 1I11<'1"i
i~ ilSSIlIlI"d 1.0 1)(' li:\cd, UI<' Iloll-n~lativi~t i(' ('!('l'I,rolli(' S('hriidillg('r (''1l1at i011 ill III('
t.illl<'-illdcp('lIdcllt. 1'01'111 i~ givell iI~ follow~
(:Z.I)
wilcrc il is I.ilc 1-i<lIl1ill.olliali opera Lor, \]I is till' wavchillci iOIl i1.lld p; is I ill' LoLa I l'IIl'rg\
of till' SYSt.l'IIL \Vitil tilc IISC of till' 13orlt-Op!H'II!Il'illll'r approxilllal.ioll, til(' 1\;llIlil-
I.olliall opcral.or, for a SySICli1 of N Cll'l'l.roIIS. tilcli cOllsisls of il Sllill of Illrt,(' I.l'rlIIS
till' killl'l.ic l'1Il'rgy, til(' illl.eractioll wil.il lilc l'xll'rlla\ pol.l'lll.ial,
C\l'l'l.roll ilitcriICtioli
alld III(' l'\l'clroll-
TIIl'l'xll'rlla\ pol.clIl.ia\ issilliplyl.ill'illl.eracl.iolioftlll'cll'ciroliswitllllll'al.oliliCIIIW\l'i
(LI)
III till' allOVl' l'(/ilatioIlS, thl' cOlistalils siwil as till' l'\('('\,mll 11I'ISS, ('\('cl roll ClliIlW',
Plal)('k's ('()))sl.alll. alld till' !H'rillitl.ivit.y of frt'l' spacc art' asslllll('d 1(1)(' 1 Also, r, is
I.ill' coordillal.l' ofr\l'ct.roll i alld till'dlilrgcoll tll(' 11IICll'IIS,1I U" is L:"
Tilc El/llal.iOll 2.1 is so\vl~d for a Ifl sllbjl'ct to I.ilc cOlistrailil. LilaL I.ilc "I is '1111 iSyllllll('lril
wiUt rl'sp('cI' t.o till' illLc'rchallgc of till' coordillHlps of j,J1(' l'll'cl.mlls. III j,J1l' lIarLrt'('-
Fock (IIF) I.ill'ory, "I call1)('appmxililal.l'd by a IIF wav('flllwl.ioll wilicil call 1)(' wrilll'll
as all alll.isylllllll'l.ric !H'rllllll.aLioll of a prodiwi of a Sl'1. of (OlTllpil'd) sillgll' (,\l'cl roll
!O
flllwtiollS, rPi (i P;Ol'S frolill to N), (',1('11 of wllicll dl'pl'llds Oil L11(' l'oordill,ltl'S of ,Ill
l'll'('l.1'01i alld wiJicli call hesllc('illdly writtl'lI as a Slater dl'tcrillillalil 1:IXI
wiler<' til(' fa('tor v+vt ('IISIII'('S I,ll(' Wil,wfllll('tioll is IlorIIIiJli"I'd Noli' 111,11 III(' Spill ('oor-
dillatl's arc oillitted 111'1'(' ,111(1 tI II'() 1Ip;1I 011 I Illis cllilpt('r 10 sililplify 1.11(' II()t,illioll illid 10
l'OIl('l'lltratl' tile disClissiol1 011 till' IIlaill fl'atlll'l'sofqllalll,111I1 1I1('('lIalli('al ('Olllplll,lIioIiS
CiV('11 tile l'lt'('t.rolli(' Hilliliitoiliall, il, alld 1,111' l'!c('tl'OlIi(' wiwl'flillcl.ioll, 'iI, 1.111' ;J\'('rap;"
total 1'lll'I'p;y is p;iVl'1I as t,II(' l'xpl'('tatioll vallll' of il I:mj, tllat is
wllerl' dT stallds for spatial I'oordillatl's d.l'll.lldz for all 1,11'('1,1'01 IS, TIl(' lIolatioli /-;1'111
l'lllpllasi"I's til(' fa('t tllat. tile l'III'J'p;y is a fllll('tiolial 01' a WilVl'fllll('tioll. TIll' [O\\'('st
fOlllid I>y sl'm('lIillp; all possil>k wavf'flllwtioliS for 1,11(' 011(' tllat IIlillillli,,('s IIII' toLt!
1'1I('rp;y, Also, till' prolmhilit.y dl'lIsity of filidillP; I'I"I'II'OIIS wil,li allY pill'li('IJIar s('1 01
Till' Illillillli"alioll of till' tOli11 1'111'rp;y is t.ypically !H'rl'orllll'd IISillP; 1.11(' vilI'iali()Jlal
IlId,lIod, For till' P;l'OlllId still,I', till' vilI'iatiolial 1.1 l('orl'l I I stal,('s 111<11, L111' l'III'rp;y is
lIip;II('I' Ilmll tllal, of till' p;rolilid statl' IlItI('SS \jI corrl'spollds to \jill I<IOJ, I.Ililt is
(2.(i)
III tli(' III" npptOxilllalioll, til(' HI" ('II(,I"p;y, BII /-". is d('lill('d ,IS I,ll(' l'xIH'l'I;lIioll V;"II(' 01
LIi(' IIOII-l"l'lativist.i(' 1-lilllliaOlliilll 1'01' \jI1I1
(27)
_~~,V, j' (I); (I') eI») (I') eI), (1") eI); (1") drdr'
2~. 11'-1"1
Tlil' Sl'('olld ,1I1d Llil' Lliil"d LC'I"IIIS i1I'(' J'('s!H'('livl'ly til(' clilssil'ill ('OIlIOlld) I'III'I"P;\' illld
Llil' tli(' l'xcIJaIlp;(' ('lIel"gy Wl"il.l.l'lI ill LI'I"IIIS or tlil' OI'iJit.,ds ["10]. II, sll()[Jid iJe IlolI'd 11i;1I
til(' I'xalt wavel'lIl1ctioll 1'01' t.lie p;rolllld ;Uld excited st;ltl'S or N-el('c!.roll Sysll'lll 1';1111)('
Wl"iIJ,I'1I as il lill('i1I' COlllhillat.ioll or all possihle N-C'!('l't.roll SI;II,('I" dl'I.I'l'IllillilIJlS l'orllJ('d
I'rolll a cOlllpil'Le sel, or (spill) oriJitHls {(p;). Tlie HI" l'lll'l"p;y ('x pl"('ssiol I (ill l~qll;1I i011
2.7) 1l('p;I('ct.s t.lil' l'lIl'l"p;y cOIlt.l"iiJlltiolls tliaL ;ll"iSI' I'rolll I iiI' ('XilcL W;IV('I'IIIJ('Lioll iJI'\,olld
11i(' HI" 'Ipproxillliitioll. TIi('s(' II('gl('cL('d cOlill"illlltiollS ilJ'(' colll'l'l.iv('h· J'('I'('ITI'd ;IS
corl"elatioll cllergy (sillce Llil' IIIOLiol1 or elect roilS witli opposiL(' spillS is [101 l'OIT('\;III'd
ill till' IIF appl"OXilllHl.ioll)
III ord(,1" 1,0 [illd t.1i(' IIF p;rolilld st,;II,l' oriJilals, W(' 11('I'd 10 ;Ipply LIi(' val"iill iOI"" tll('orl'lll
I:!
t.O t.llis ('11l'lgy (,Xprl'SSiOII 1111(\('1 tll(' cOlistlailit tllat till' orhitals aI<' oriliollorilial Tllis
I('ads 10 LlI<' HF (or till' s('lf-colisist('llt fi('ld (SCF)) ('ltllaliolls:
j' p(l") 1 j'+, ~dr'</),(r)I, lIy(r,r')t/),(r')dr'
wll<'l(, tll(' lIoll-loud ('Xdl<\Ilg(' pol('llti,d, 1'.\ is sllcll Ilial
(2X)
TII(' HF ('(lIlat.iolis (\('scrih(' ('I('ctrolls IIl1d('1 tll(' iIlAII('II("(' of a 1111\111 li('ld pol 1'111 i,d
cOlisistilig of tll(' classical COII!OIlI!) pot(,lItial alld a IlolI-I()(",d ('XCIl,llIg(' pol ('III ial. II
1I('gll'("I,S tlleilltelact.ioll hetweell tlleelectrollswilll tll<'opposit('spilis. Assl,!lI'd ,d'()\'I'
tile diff('rl'lIce hetwI'('11 till' ('X<\l"t IIOII-I<'lntivistic (grolilid or ('xcit,('d sli!ll') l'lll'lgy ,llld
tile lIF ('1I('lgy is oft(,11 ['efell('d as tile corl<,latioli ('IIl'lgV. III additioll, LlIl' ('OIIIPlllil-
tiollal cosioI' tllis approxiliJatioli is V('I".\' lIigli alld scales qllil'kly wil,li III<' 11111111)('1 01
('It-ttiOiIS I.I"I'ale(\. Tllis IlIil.illly dill' to LlIl' facl tllat LlI<' '1I'('lllal.l' soilitiolis 1<'llIlil(' 'I
gO()(! dl'Scril>tioli of waVdlllll'liOiI'S sp,ltinl vnliatioll I'specialh' 111"11 III<' 1111I'1('i, 'I'll is
CPU 1('llllil"l'IIII'llis for plnctical 1"llclllatiolls
2.2 DFT Method
I3I'yolld HF 1I1<'1,lIod (wllicll was filst illtrodll('('d by IIml.l<'(' ill 1!)2X ["III), 1I1'11l\, ('01'11'-
!atcd IlIctllOds IInw 1)('('11 dcwlopcd fOllllo!cclilm calclI!aliolis sllcli as f\lolln-PI(,ss('1.
(1\11'), cOllliglllatioll illtl'ractioll (GI), cOllpled cillst('r (ee) alld DI''T 1I11'tI'Ods Icl21
Tlie OFT is alllOlIgst tlic IlIosL widely IIsed alld cOlllpllLatiollally aCI'('ssihll' posL-III.'
approacli LliaL illcllldes tlie e!cclroll correlaLioll, TIJ(~ 1II<I,ill vmiahle ill DFT is IIH'
('lecLroll dellsity p=I\li(jJ*I ratlier Lliall llil' ('!cdrollic wavdllllcLiol1 III I·n, 1,1, .1:>1,
2.2.1 The Hohenberg-Kohn Theorems
III I ~)(j4 !-loIH'IIIH'rg alld holi II postlllaLed Iwo llil'orl'IIIS I liaL forlll('d I iiI' 1'0111 H!;II i011 01
OFT Icl(jJ, Tlie [irsl llil'orCIII proV('s tll('l'xisl('III'I'ofa IIl1iqlll'grolllld slaLI'I'III'rgY fIll
,III N-('!cdroIlSYSt('llI, tliaL is, iLsLaLI'slliaL lliegrolllid slalel'III'rgy 01',111 N-I,II'I'lroll
SySLI'1I1 is a IIl1ilI'H' flllll'l.ioll<d of LIi(' grolilld sLaLI' 1'[('clrOII dl'lIsily, fi, 1I10villg ill III('
pn'sl'III'I' of a COITI'SpOlldillg exll'rllal poll'IILial (I,'x,(l'),
r;;",,, = I;; Ipi = / filh, (r)dl' + P Ipl. (:U())
wll('re F' is lli(' IIl1iversal hllicliollal ofp wliicli ('OIlI,lills killelic. til(' c!;lssil'al COItlolllh
alld t.!ll~ exl'ilalli!:e alld Llil' l'orrelaLiol1 l'III'rgi('s, III ollll'r words, t.!H' (,II'cl mil dl'lIsil\' is
IIlli(l'lely deLel'lllilled IJy Llie I'xll~rmd poLellLial. I.'rolll lliis slall'IIII'1I1 il iIlIIlH'di,lIeh'
follows lliat tlie elcd,1'01I dl'lIsiLy IIlli(l'lcly del,('rillill('s III(' HalllilLllIliall ol)('r,lIor ,IIHI
cOIISCqlll~lItly tlie wavdlllld,ioll alld ('lIngy alld all otlier el('d,rollic propl'rLil's of N-
el('drollsyslelll
TIH' SI'I'Olld I-1olil'ltllI'rg-l\olill LIi('()["('1I1 IISI'S 1.11(' vmi,lI,iollal prillcipll' 10 sLill' llial 1.11('
1;;"""lpl is a Illillillllllli for til(' gnJIIlld sLaLI' dellsity po, liiaL is, for ,lilY posiliv(' d('lillill'
Lri,d dl'lIsity, PI, sllcli tlial
[·1
(:2.11)
Ihell
where /;;11 is thl' l'lectl'OlIic P;l'OllIld Slid,I' l'llngy or til(' SySII'1I1 III ils illiliid rOrlll,
this thl'orelll l'('stl'icted OFT to silidies or thl' gl'Ollll(l sin\.(' (Silll'I' it.s illll'Odll('lioll
ill 1~)(i4 01"'1' IIns 1)('1'11 I';.;(elldl'd 10 IIIallY 01.111'1' applicaliolls SII('II ns I'xcii<'d stnl,'
('OlllplltatioIlS, systl'lllS witll fillitl' telllpl'l'nllll'(' 1'1.1')
Till' vmiiltiowll prill('iplc('nlllH' writ.ll'll 'IS
(m"~,,,[pl_II_()
(Ip (LI:\)
wlll'l'e II, is Ille Lagrallgl' IIl1dtiplil'l' Illal aCCOlilits 1'01 1111' cOllstmill1 Illal till' ill\.('gl'nll'd
dl'llsity over nil spn('(' cOITl'spollds 10 IlIecorrecl 11111111)('1' orell'dl'OllS '1IId is III(' ('Iec-
tnlllic cll('llIical poLc'lItial or 1111' !Y-I'il'cll'(lII SyStl'lll. Wllell Eqll'llioll 2,1:\ is SOhTd,
1111' grollll(! Stilt',I' clI('rgy alld dl'llsily COITI'SpOlld to till' Illillillllllll or til(' rllll('tioll,d
/;;"",,[[11
'I'll(' ahoVl' disciissioll estahlisll('s til(' l'('lllilrknhll' I'm'\. tllal 1111' 1IIIiVl'rs,d rllllctioilid
I"!p!exisls, i,e, il docs Ilotdl'!H'll(lolI IlIel'xlerwd pO!I'llli,d,lht wllicll ['('p['('sl'lIlstll('
pmticlilal' SYSIPIII ofilltl'l'esl Iftlil' 1'01111 of F[pj werl' kllmvll, ill pl'illl'ipll' it I'olild 1)('
illsel'ted illto tlie Eqllatioll 2.1:\ wliicli 1'llIlld he Illillilllii:I'd to ol)(aill t.!1(' I'X;I('I ~rolilid
staU' dl'llsity alld (,11('1'~y
2.2.2 The Energy Functional
Frolll t.!1(' Sclil'iidill~el' I'qllntioll (Eqllntiolls 2.1 ;lIlll 2.2). WI' call SI'I' t.!ln( (III' 1'lll'I'~\
flllldiollalcolltnillsllirl'I'l.I'I'IIIS III(' kill('tic(,I1('1'~.\', t.!l('ill(I'r;l('tioll willi t.!1('1'X(I'l'lliil
poU'liI,ial alld (,iiI' ell'I'l.roll-I'II'I·(roll ilil,(,l'nctioll alld so w(' 11Ii1)' Wl'ill' tlil' (otnl I'III'I'~\
flllld,iollains
(21,1)
wlil'll' WI' drlille Flfil as follows
Till' illtel'<Il'l.ioll witli tlie l'xl(,!"Ilid poU'lllial is ~iVI'11 h\
V"xtlfiJ = ./i\'x'fi(r)dr (21(;)
Till' killl,tic alld el('d,roll-('I('ctl'Oll 1'11111'1 iOllnls arl' 1IIIkllOWII If good approxilllil( iOlls (0
t.!l('se flllll'tiollil!S cmild h(' fOllllll, dil'ect Illillilllii:atioll of (,II(' I'II(,I'~.\' wOlild 1)(' possihll'
I<olill alld 81i;1I11 proposed til(' followillg appl'oacli to i1pproxilllatill~ I.lil' killl'til' ;lIld
I(i
bitals" <lii·S. III tllis systl'lIl till' killl'til'I'II('lgy alld l'll'c(HJII dl'lIsity ml' kll()\YIII'X,lClh
frolll till' orlJitals
(:.U7)
illid
(2IK)
It follows 1.11('11 tilat till' l'xcilall[',('-m!T('latioll fllllCtiolial ilils till' forlll
(21!l)
will'r<' GII[p! is till' ('Iassical COlllolI") 1'11('[[',)' (giVl'1I hy S('colld 1('1111 ill I':qllalioll 2.7)
I:;:qllatioll 2.1!l is sililply till' ('[lor lI1i\.dl' ill IIsilig a 11011-illtl'I,lCtill[', kill('lic 1'111'1[',.\
alld ill tl('atill[', tile ('1('CtIOIl-('I(,(oj,roli illt('lil(tioll dassic;llly. vVlitill[', 1Ill' lot,d ('IIl'I[',\
fllll('tiolial ('xplicitly ill t('IIIIS of til(' d('lIsity Imilt fro II I 1I01l-illl('I,I(,till[', orbitals ,111l1
applyillg; till' vmiatiollill I I1l'0r<'1 II , W(' [ilill tilal tll(' orbitals wilicil Illillillliz(' tll(' ('II('I,~y,
satisfy till' followill[', si I1[',1(' paltic[(' ('lilmtioll:
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ill wilicil wc ilaV(' illl,rodll('('d til(' local [llIdl.iplical.ive poll'[ilial wllicil i,; III(' rlilidiollal
derival.ive or till' l'xcilall!!:I'-coITclal iOIl rlillcl.iowl! witil ["(',;pl'(t to 1.11(' dl'lI,;il,\
(:2.21)
!ll'llilviom or N-illter;l<'till!!: elccl,roll'; ill all I'!tecl.iv(' local pot.<'[ll.i;l!. I,'or 1.11(' ('x;1<'1
rlll[('tiolial alld tilil'; l~xact local pot('lll.ial, till' orl>il.ab yil'ld 1.11(' I'xacl !!:rolilid ,;1.;11 ('
dCII,;ity via Eqw\tioll 2.1S alld I'xacl. !!:rolilid ,;t.al.('cIII'r!!:y via til(' 11';('01' I';qllal,ioll 2.1')
Till'';l' h:oil1I-::Jil;l.III I'(!'latioll'; ilaV(' 1.111' ,;a[II(' ,;trJ[('l.m(' a,; til(' Ill" I'qllillioll'; wilil III('
lIoll-loul! ('xc ilall1';(' pol.('lIl.ial rl'plac('(ll>y I.ile local l'xcilall!!:I'-COITI'I;lI,ioll poll'[llial
Not.<, I.lial. i\'; ,;l.al.l'd al>ovI' I~"." COIIt.aill'; all 1'11'1111'[11 or till' killl'l.ic ('[II'r!!:\' a[1I1 i,; 1101
t.il(' ';11111 or 1.11(' ('xcliallgl' alld COITI'Ial.ioll l'llngil''; a,; I.Il('y m(' 1111(!<'r,;l,ood ill III,' alld
Till' I\:oil II-::Jllall I dl'lI,;ity rlll[('tiollal tlll'ory i,; all l'llipirical 1Ill'l.ilodolo!!:y i[1 i\ ,;,'[1';('
I.ilat. WI' do 1101. kllow (alld Imv(' 110 way or ,;y,;I.('lIlatically ;\.pproacilill!!:) t.ill' ('x;[('1. 1'111[('-
l.i(JIIal (liowl'ver, till' rlll[('l.iollal i,; IIl1ivn,;al il. do(',; 1I0t. dl'I)('lId Oil IiiI' Ilialni;d,;
I>l'illg ';l.lldied). ::Ji[lc(' tlic rorlll or t.ile excil;llIgI'-coITI'lalioll I'II('I'!!:.\, rlll[('l.ioll;l! i,; 11[1-
k[IOWII, varilJII'; approxililal.ioll'; a["(' 1I,;('d ror F,.rc slieil a,; local dl'lI,;ily i\pproxi[[lilliO[1
(LDA) rlillCtiolial [elK] (or local ,;pill dl'lI,;il.y approxilllal.ioll (L::JDA) rllllCliolial [[l0l),
IX
til<' !!,1'III'ndi/'I'd i-',radil'llt apprOXilll<ltioll (eGA). hyhrid flilictioll<ll ,Ipprwwll ["1 1)1 <llid
ot.!l('r~
The LOA call 1)(' cOII~id('r('d to 1)(' t 11(' /'l'roth ord('r approxilll<ltioll to thl' ~1'llli-cla~~ical
('xpall~ioll of the d('lIsit.y IIIatrix ill t(,r1I1~ of th(' d('II~ity alld its dl'riv,il iVI's Typic,d
forili ofa LOA is
(2.2:2)
wll('[(' (,,. is 1.11(' ('xci IaIl!!,I' corr('latioll ('11('r!!,y for a hOIIIO!!,I'II('OII~ ('11'droll !!,<l~ wil II
d('II~ity (J IGll.
A lIa I. lira I pro!!,n's~ioll b(,yolld 1.11<' LOA (or LSOA) is 10 ill('hl<l(' !!,radil'llI~of I h(' dl'll~il\
p, which is ref('rred to as the gradi(,llt. expallsioll approxilllHtioll (CEA) ill wllicll lir~t
order !!,radiellt terlll~ ill the I~xpall~ioll ar(' illcilided [:i21 ill 1.11(' I~"
III t.h(' hyhrid 1'1111('1 iowd approxililat.ioll, I he l'xcllHlli-',I' flllldiOll<d i~ t.akl'lI ;I~ a lilll'al
cOlilhilIat.ioll of th(' I'xact. HF ('XChilll!!,(' l'III'r!!,y alld a 01'''1' ('Xdlall!!,(' fllll('t iOll<d of 1.11<'
dell~it.y alI<I the drllsity !!,radiellts [:i:lj, h('II('(' I;;,,. ('all 1)(' wriUI'1i a~
(221)
I!)
wll('l'(' thl' ('III-' ,lIld (',w',' an' adjllstabll' col'llicil'lIts
III this work, WI' lIsl'd 011(' of th(' [1I0St poplilar hybrid flllJ('1 iOllals, rnLYI'[:i,!I (III<'
so I',dll'd ]]I'('kl''s thrC'(' para II 1('1.1'1' hybrid flllll'l.iollaW):"ij), G:ILYI' flllll'l.iolial has LlII'
whl'l'(' XI-IF, XS, X]]RK ar(' th(' IIF, Dirac-Slal('r, ]]('ck('KK [:i(ij I'xchall/-!;I' fll[wtiollals
alld VWN, LYI' arl' Vosko, Wilk, NlIsair [f171 (i,e" V\lVN flllwtio[lal IIll10t fllll('tio[I,d
v [:i-II) amI L!'I', YaII/-!; , PmI' [:iRj l'OI'I'('latioli fllll('tiollals,11I othl'r 1I1011'I'lIlar l'aSI'S,
WI' IIs('d th(' (liolihyinid) gl'III'l'i\li:t.('d f',li1dil'lIt ]]07 [:i91 01 thl' 1'lIlpiri(',dly displ'rsioll
(,OI'l'I'ct('d ]]97D [(j0l !'xchallf',!'-(,OI'rciatioli flllictiolials ill th(' DFT-D l'Olllplll;JI iOIlS,
The latt('r (1307D) was dev('loped alld l'('I'I'IIL1y l'('vil'w('d by Crilllllll' [70, 711. 1[1 ali
illitio ('alclilatiolls, DFT-D appl'Oi\('h has 1)(,1'11 proVI'1i '\('I'matl' 1'01 til(' dl'Sl'I'iptioli 01
11011-('OVill('[!1, illt('l'actiollS Iwl,w('I'1i OI/-!;allic 111<1!r'Cld('s, 'fhl'sl' illt('l'-I[loll'I'lllar ilill'I',\('-
tiolls an' typ(' of for('I's ,(('till/-!; b('tWI'I'11 atolilS alld II 1011'('11 II'S dill' to til(' iIlSt'lIiI,'IIlI'OIlS
dipol('-illdll('('d dipoll' fOl('I's, also rl'f('rl'('d to as Vall dl'r \lV'I,ds 01 displ'rsioll 01 1,011<1011
for('I's. Th(' liS!' of th!' disp('rsioll (,Ol'l'I'l'I.('d DI"T is appl'arillg illl'l'l'asili/-!;II' 111011' 01'11'11
ill th(' lilNatlll'l' [(iI, (j2], Th(' total l'III'rgy 1'01' a SySIl'1I1 at this II'wl of (displ'rsioll
l'OI'l'I'('tl'd) th('ory is giVI'1i b)
wh('n', ill th!' abov!' cas(', til<' disp('rsioll (,OI'l'I'Ctioli is obtailll'd fro II I SI'llIil'lIlpiri(',d
tn'atllll'lI(. of 1I01l-bolld('d, i111.1'1'-11 1<111'1'11 Iill' illt('li1l'1.iolis ,lIId dir('l'I.ly ,dI('('ts till' l'll'li-
liinillill 1I1J('11'iI,r f',1'olll('try
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2.3 DFT Approach to the ab initio Quantum Me-
chanical Study of Periodic Systems
Givell Lhe l'ilellli('al ('OlllposiLioll alld Ihe nystallille SLllldlll(' of a pniodi(' SyS!.<'III,
prop('rties as a('('llraLely as possihle aL a I'('asollnhle ('os!" TIH'rl'fm(" <III ('lli('i('IIL ('0111-
plltaLiOlJ<ds('IH'III('IIIIISI\H',dllelolllallipldaL('thisillfmlilatioll ('('Ollollli('<llly lI'ilh
rq;ard 1.0 CPU tilll(', sLmnp;l~ n'l\llirelll('IILs alld tlH' 1I11111her of illplll/OI11 PilI. 0IH'r-
nLiolls. III additioll tlH' nlp;orithills shOidd IH' SilliPil' '1I1d p;('IIl'nd ('IIlJllp;h 1.0 Illakl'
,l('('lllllldatioll 'Illd Lnilisfer fro II I Olll' prop;ralll jn 'lllotlH'r easil'r [r;;l!
1III-';l'lIend, I\fOs arc l'('pn'sl'lIt('d as lill('ar ('OIIl\Jillatiolls of 011(' (,le('lroll fllll('liolls
"'ViLh few C'xpl'l'IaJ.iolls, Lhe h<lsi(' illp;redieilis ill solid-sL,II,(' appli(',iliolls fm the' (,()II-
slrll('tioll OftlH' hasis-set fllll('LiollS, (/)", arc' plnll(' wnV('s (PW) '1Ild/m C'lllssi'lIl I.\'\H'
mhiLals (eTO), The IXlsi(' ndvalltnp;e ohL'lilled frolll I he' IIS(' of I'Ws 'IIHI CTOs is
relaLed 1.0 the' fad that Lhl'y IIlnke tll(' ('OlllpllLaLioll of illtq;rals ill dired '\IId/m r('-
('ipro('al Sp,l('(' relatiV('ly ('as,)', 111 tllis work, we' ('lllploy CTOs 'IS l"lsis flilldiolls
iii Gallssiall hased IlloleclJiar ('OlllpIILatiolls, tlH' CTOs nn' ('Ollstrlll'l('d as 'I lilll'<l1
('OlllhillaLioll of Gallssiall prilliitives (I~,,'S) which an' prodllcLs of sp\H'rical hnriliolli('s
wltere
1~,,(1') = ~dj.'lj(l')
:21
(22K)
\Vitll a sllilabll' l'ltoi('e of d,'s, Ule 1'0lltr'lltioll l'odlil'il'lltS, alld !Ii'S, lite I'XpOII<'lils,
olle 1'11.11 prepare Imsis flllll'tiolls wltil'lt Itave tlte g,ood I'ltma.<'l,I'rislil's
1\\ solid state applil'atiolls, a fillil,e 11I1I1I1)('r (/1) of GTOs are aLLribllled In III(' vmiolls
atoll IS ill tlte rl'fel"<'IICI' Zl'ro ('('II. Tlte salllC GTOs aI"<' t11<'11 assol'i,!lI'd ",iUI ,dl tr'"lsla-
tiollally eqllivall'lIt alOlllS ill III<' lTyslal witlt 1,1\1' trallslatioll,t! vel' tor T, III loUt!, WI'
ltavI' Nil CTOs, WItI'I"<' N is 1,11<' 1IIIIIIber of k-poillts ,\lId froll\ wltil'lt WI' 1"111 l'OIlStl'lll't
Nil Gallssiall-typl' Glol'lI orbitals:
<1>,,(1'; k) = ~I~I' (1' - A" - T) cxp(ik' T); (/' = J, "" /1; k = J'" N) (:2:\Il)
III otltl'l' words, witlt 1,1\1' lise of Blol'lt 1,11('01'1'111 [(HI, Ul(' CTOs ml' trallsforllll'd illio
'l'I'ystallilll' orbitals' (COs), I'll Ule aboVl' 1'llIlatioll, II" dl'1I0tl'S Ul(' ('(}ordi I I< !I I' of Ul('
1I111'1l'IIS01l witicit cj", iSI'I'III,I'red
III solid state pltysil's, tltl' 1'1I1'rg,y 1m lids aI"<' I'01'1 lied by spliLLillg, 1,1\1' aloillil' l'III'rg,\
11'Vl'ls W\I<'II U\e atolllS approal'lt 0111' allotltl'r ill a lTystal or a polylll<'r [(i,ll, Tlte Imlld
gap (0"",,) is tltl'll d('lillf'd ,IS tlt(, l'llf'rgy n'(l'lin'd for OIl<' ('1('('11'0111,0 jlllliP 1'1'0111 IIJ('
top oftlte valf'II<'(' l>alld to til(' I)(J!.t.OIII of til(' ('OIl(ItJ('tioli halld, III additioll 10111(' solid
state approaclJ, tlte halld gaps ('all 1)(' appl'Oxilllal.\y l'sliIlIiJl,f'd as 1.\1(' l'II<'rgy dill'l'n'II('('S
l)('tW('('1I lowl'st IIIIOC('llpied 1I101('l'IJiar orlJit,d (LUi\10) alld Ili).!;ll('st Ol'('llpil'd IIIOll'l'IJial
orhital (1I0i\IO) ei).!;('IIValll(~s ill i\IO or 01"1' calclJiatiolls, III tltis work, 11'(' IIS(' Imlll
df'lillilioIlS, as d('riVl'd fro II I solid-statl' alld Illolt'clJim orllital tlteoril's, 10 (',dl'IJial('
2.4 Time Dependent Density Functional Theory
TO-DFT is all extellsioll of DFT. It IIses tlt(, fact tlJat tlJe I illl('-df'I)('ll<ll'llt \\';1\'('1'1111('-
I,ioll is eqllivalf'lIt to tJl(~ tillle-r!epell<!l'lIt (,ll'l'tl'OlIic df'lIsily, TIt(, I'ol"lllal fOIIII<!<Jlioll 01
TO-OFT is tltl' n.llll).!;('-GI'OSS (11G) tll('OI'{'1I1 (I!JKLI) [(i:il Iltl' tilll<'-dl'I)('ll<ll'lIl '"lalogll('
of tlt(, Holt('IJiler).!;-I\oltll (HI\) tlt('or('11I (1!)(i cl) [4(ij
TlJe appr();\('1J of n,IIIIf!;<' alld Gross ('Ollsi<!('rs a sillgle-('oilipolielit SyStl'lll ill 1.\1(' pn'S('II('('
of ,t l,illlf'-df'pl'lId('1I1 scalm field I'm wlticlt IlJe Halllillolli,lIl tak('s tlJf' for II I
(2:\1)
Agaill, tlJf' Hailliitolliall COllsists of 1.\\1'('(' terlllS: tlt(, kill('tic ('II<'I'gy opera I or, 1.\1<'
c!el'tl'OlI-elf'('troll illlf'ntl't,ioll alld tlte ext('rllal potelilial wlJicil alollg wil.\l tlJ(' 1IIIII1h('1
or ('I('drOIIS ddilil'S III(' SySI,f'111. III a silililm way, 1.\1(' ('xlerllal poL!'lIti,d ('olllaillS III('
f'1('('l.I'OIiS' illteractiolls witli tlie 11<1('1('i ol'tlt(, systelli. III addilioll, I'm lIoll-I,rivi,d lilll<'-
d('I)('lIdl'II('l', all additiollal l'xpli('itly tilile-df'pl'tidelit pol.<'lltial (',III mis(" for ('Xalll-
pic, f'rolll a t.illl(~-depelidelit. e1ectri(' or IlIag;lIeti(' field The IIlillly-!>ody lI'iIV(,f!111('1 i011
('volvcs a('('ordillg; to the tilile-depelllh'lIt. S('hrijdill!->;r~r ('lillat.ioll 11II<!('r n sillg;I(' illil inl
('Olldit.ioll,
(:U2)
Elilployillg; th(~ S('hrijdillg;(~r l~qllat,ioll ns it.s st.mtillg; poi III" t.h(' nllllg;l'-Cross Ihl'O!'l'111
shows that at. allY t.illll\ t.he d('lIsity is IllIi(llwly dd.(~rlllilled !>y t.he l'xl.l'rllitl poi<'111 ial
This is dOlle ill two sl.l~ps: asslllilillg; thnt t.h(~ exterllal potellt.ial ('nil !>e ('Xpillided ill ;1
'1i1\'lor seriesn!>ollt n g;ivell t.illl(', it. issholVlI I,hill, two ('xt.l'rllal POI.l'IIt.iitiS difrnillg; 1)\
11101'(' tllall all nddit.ive ('OIlSt.illl!. g;ellerale difr('rellt. ('III'I'l'llt. d('llsit.ies, !';lIlployillg; 1,11('
(,ollt.illllity eqllatioll, it is t.hell showli t.hat. f'or fillit.esysl,l'lIls, dirre!'l'IIt.l'lll'I'l'llt. dellsilies
('or !'l'SpOll d t.o d i f rere II tel e(' t.1'OII d (~IIsit. ies [G[)J
The 1I10St poplilar appli('atioll of TD-DFT is ill the ('nl('lilnt.ioli of' I,ll(' l'x('iled SliIl('s
('II('rp;ies of' isoli\t.(~d olig;ollI<'rs [(iii, (i7, (iSI, Sll('h ('n 1('1 ilat.iolls a!'l' llils('d Oil I,II<' f'ill't. t.h;I1
t.h(' lillear respolIs(~ f'lIIl('ti(JII, tllat. d('t.l'rillill('s how t.he l'!('('I.roll d('llsit.y ('hilllg;('S II'II<'II
the exl('rllal potelltial l'ilallg;es, hilS pol('s at. the ('xa('t. ('x('il nt.ioll l'll('rg;i('s of' il S\'St.l'lll
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av,lilallll' 011 LiJ(' COlllpllLer clllsLer (1'Ial'I'IILia) aL LlII' ALlHIILic C'Olllplll,,1I i011<1I 1';:\('1,1-
11'111'1' N<'l.work (ACEII<'I,) l'aciliLi('s, TiJI' OFT-PBC l'ail'lIlHLiollS ill :m, wiLiJ 1IIIil-I,(,lb
wiLli 1IIIdLi-;II'(llll IlHSis, HI'(' WIT CPU (C<'IILr;1I PI'OI'I'ssill):; UlliL) alld IlAi\1 (1I,llldolll
AI'I'I'SS i\11'III01'Y) illt('IISiw, 1"OI'I':\<1lllpll', Il'picaliv 1'01' ):;('ollll'lry oplillliz;lIioIIS, il I;\kl's
;lIlOIIL H 1II01lliJ 1'01' LlII'S(, cHII'lIlaLiollS Lo IH' l'Olllpl('Ll'd 011"1 crus, Tllis IIII'HIIS liJili
LiJI' paralll'l procI'ssill):; nlJJHhilily or ACElIl't is l'ssl'IILiill Lo si):;lIificalJlty dl'('JI'asl' 1111'
Lillll' l'('ll'lirl'd I'or LlI(' l'Olllpl('tioll ol'l'HciJjoll. TiJe aVI'ra):;e CPu Ilsa):;I' 1'01' liJis projl'I'1
is ,I GPUs pI'r joh allli til(' rl'qllil'('IIII'IIL 01' LiJ(' IIII'IIIOI'Y is IKO()-2000 i\IU 1'01' ('i\('iJ ('I'll
VVI' also Look tiJl' aclvc1.llta):;l' or LlI(' 110-qlloLH snatciJ (lIqs) spal'I' 1'01' johs wil iJ 1<11'[;<'
sni\l,ciJ fill'S
1"01' <l 11111111)('1' ol'):;I'olll<'l,ry opLilllizHLiolls ol'tiJestl'lll'llll'('S ill 1111' oli):;ollll'r 1'01'111 01' ill
10 solid stat.e c<lil'ldatiolls [li:l], WI' IISI'd 0111' 01' till' III0sL poplliar iJ\'hrid 1'1 II II'Lil 1\ I<lIs,
13:ILYP [f),I!, JII oLlII'r 1I10l('cidar opLilllizat.ioll 1'<lSI'S, III(' (1IIJ11iJylnid) ):;1'III'rHliz('d ):;ri\-
dil'111, 13!)7 [fl!)! 01' LiJ(' 1'lllpiric,lIly displ'rsioll ('OITI'I't,l'd 13!)70 [(iO! I'XCiJHII):;I'-I'OI'I'('I<ILioll
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fllll('tiolials werc Iised The IImili n'<1SOII for ('lioosill~ G!)7D fllllltioll<11 is I)('(';IIISI' 01
tli('dl'llIolIsLraLed illiportal)('('ofLlie ([IOII-('OV<1iPllt) dispersioll for('es ITII ill LlII'('/'\'sl;d
p<1('killg of (,Olldll('Lill~ polyll)('rs (SI'I' LI)(' dl's('/'iptioll of LOlldoll for('I's ill CIi;qll,I'[' 2)
Tlil'J'('f01'e, to Optilllizl' tlie sLrll('IIII'('s ill IJIIlk for II I WI' IlsI'd 131)7D fllll('lio[ICd l(iOI, 1[1
CliapLI'r4, wI'dis('IISS ill gr(,<1tl'rdl'I<1i1 LlI(' illiporLall('I'ofllie ill('lilSioll oflll<'displ'I'sio[1
I'on'es ill I,lil' ('OIiIPIIL<1LioIiS hy (,olilparill~ 13!)7D all 13!)7 flllJ('Liolials i[1 a [loll-I)()(I<Ir'd
1I1101'('[II'SyStl'IIiS
The Inlsis seLllscd ill this work is 1,1)(' polarized split-val('II('(' (dOllllll' /'1'La) I);\sissel li-
:\1G(d), II. is th(' cxpallded VC!'SiOII of spliL-v<1lclI(,c (i-:IIG (wlii('h IISI'S 0111' ('0111 r;I('I,I'd
fllll('Lioll for Is ,\.lId tlin'I' l'olltmd,I'd flllJ('t.iolis for 2s <1[\(12p orlliL,ds for LI\(' lirsl-
row alollls, Sl'(' Chapter 2 Sld,io[1 2,:1 for dis('llssioll) I liaL 1,lkl's iliLo a('I'oll[iI I II('
polarizaLiol1 eff('('t I)y ill('llidill~d polariz<1lioll fllll('Liolis (dl'lilll'd as flllJ('1iOllsof hi~I)('1
all~lilar 1I1011l('1It.1I111 thall the o('I'lipil'd aLollli(' orllitals) ill 1.\)(' h;lsis sl'l 1:i,11
For LlI<' solid staLe l'al('lIlaLil)Jls l(i:IJ, WI' IIsed the 1'I3C keyword l:ill ill LlII' illpill
file of thc G<1l1ssiall software, The Pl3e-DFT IIII'III<)(! l'lliploys G'I'Os LIi,II, wil h
Lhc lise of I3lo('h Lll('orl'lIl I(HI, an' Ir<1l1sfor[lIed illl,o COs, Till' 1',d('liI;lIioll of l'll('r~,\
IH'rlllliL('('II,lIl<llll('optilili/'<1tiollofLlII'I)('riodi('systl'lIllIse;IJ'('dll[ld;lIi1 illi<'rll,d
l'oordiliaLe al~oritllll1 whi('h W<1S developed hy Klldill el. al. 17·1, 7[\ 71i, 771, Ilor I hI'
PGC('alclll<1LiOIIS th('Ltallslatioll ve('Lor(s) are reqllir('d 1.0 1)(,<1pl)('lIded 1.01111' 111011'1'1111'
spc('ili('aLioll, illdi(';l1,ill~ thc r('pli('aLio[1 diJ'('('ti(JII(s), Also h('('allse of Llil' I;II~I' si/'I' 01
Lhe IlIoll'('lile ill Lh(' IIl1il. ('('II, olily Lhe r poi[IL W<1S ('hOSI'1I Losalllpll' LlII' lirsL I3rillollill
wile ill :lD solid sl.<1tc ('al('lilal.iolls, PJ'('violis i[IVesLi~<1Lioll of silililar fhlorl'III'-h"sl'd
poIVlllcrs lias shoWIl LliaL he('aIIS(' of LlI(' lar~e IlIoII'('lilar 1I,1Sis Ihl' 1'11'1'1 roll iI' halld
sl rllcl.llI'(' of llil's(' (,oll.ill~all'd poly[III'rs is II<'arly (-laL 1721 ;111<1 1.11(' 1I,IIId ~;IPS al I hi'
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I' (I; = 0) poi III, illld ill, til(' I3rillollill ;cOIl(' Ilolllldmy m(' 111'ill'ly l'IIII,l! TII('rl'fml',
r poilll W,IS dl'('III('d sllIlici('lIt I'm ollr :\D solid-sl,ilLt, COlllplll"lIiollS, 1111111' ID solid
sl"II,I' (I('ss l'Olllplll,ilIiollillly illt(,llsive tllilll :\0) nll('l"ill,iolls typil',l!ly Imgl'r 11111111>1'1 oj
I.: poillts w('re 1'1 II ployecl, For 1,11(' pmposl' of displayillg III(' I>alld sl,rllcl,lll(' of II) 1'1",
11'(' IIsed 1,11(' kl'yword IOp(S/H):\=-I) wllicll allow('d liS 10 olll,plll, til(' IiVI' ol'I'lIpil'd
illl(llIlI()('Cllpied ('i).'TIlVil.!III'S ilS a fllllCliol1 of /; pOilll,S, III rl3c cilll'l"aliolls III(' /';!!"I'
is ol>tilill('d as till' Illillillial ('11('rgy dilf('I('lll'l' 1>('1,11'1'1'11 III(' lIiglil'sl, OI'I'llpil'd IT\'sl,d
orl>il,al (HOCO) IJalld alld till' low('sl, 1lllOI'I'llpil'd ITysl,d ml>il,al (LLJCO) IJillld
III 1,111' IIl()leclllm appl'w1('11 tile {i;!!"" is d('I,I'rlllilll'd ilS till' dill'('I('III'I' 1>('111'1'1'11 till' 1I0~IO
,\lid 1111' LU~IO eigl'lIv,III1I'S, 111 I,lIis tlll'sis, 1,II('sl' diff('I('III'I's 11'('1(' prill"II'ill' Oll!;lil",d
frolll till' Sillr;II' poillt l'II('rgy caIr-II\;II,ioIIS, IIIi1illly disl'llss('d ill dl,lpll'r S for 1111' slrlll'-
tlll'I' of poly (9, !) - c1i-II-alkylflllol'('II(,-illt-I>I'II;col,lIiadimmll') 01 FlIl3Ts (11'111'1(' II is till'
IIIIIIII)('r of CH 2 IllIil,s ill till' alkyl sid('-cllaills), I)('rfmlll('d Oil til(' (solicl-s!;II,(') gl'OIIII'-
I,ril's 01'1,11(' IIl0ll0lll('rS wil,li dinl'I('llt (II) lellgtlls ofsidl'-cllaills wllidl w('r(' opl,illli;cl'd
willi till' 1397D fllllctiollal ill:m [GO], Also ill Cllilpl,l'r S, ill ilddilioll to ol>I"lillillg
Ill"k sl,l'Ilcl,mal illfot'llli1.tioll of Fld3T's, WI' illlaly;c('c1 III('ir illl,ril-IIlol('I'I",lr illll'I',II'-
I iOll l'III'rr;il'S (wil,li til(' IISI' of Opl,=III()(lr('dlllldalll, kl'\'\l'ord) I>y pl'lfmlllilig ,I 1'11111
l'('lilxed rES SCilllS, 1'11(' 1(,lilXI'd PES SCilll I)('rfol'llls a gl'olll('l,rY opl,illli;cillioll ai, 1',11'11
step wlli!l' Illililltaillillg til(' snuIII('d vmiill>'(' I'ollsl,alll, 011 till' 01,111'1' 1"11111. I,ll(' ;III,I'r-
111011'CI"ar illl,eri\I'l.ioll l'llergi('s weI(' ,lIl,l!y;c('c1 I>y cmryillg 0111, rigid ~;(',lIIS I'm diJf('I('11i
illl,l'r-III011'I',"ar c1istalll'l's, I\,igid PES Sl'allS ,II(' lillII'll (',Isil'r 10 I)('rfmlll ,d1,110IIg11 111('\
1',111 1)(' !l'ss illfl)l'lllal,ivc ill l,el'lllS 01';1 I('al dyll'l.I11ic pI'OCI'SS, III till' 1',ISI' of ,I rigid
SC,III, til(' scali k('ywmd IIIIISI. 1)(' IIs('d alld til(' IIloll'clllar sl,I'II1'I,III(' III11SI 1)(' dl'lilll'd
IIsillg Z-II"II,I'ix coordill,lIl's (ilfl,I'r ,I I>lallk lill(" tile III111I1>('r of sl,('ps alld sLt'p si;cl' 1'01
1',11'11 v,lrialJl(' m(' SI)('cili('c1 011 til(' vmial>II' defillitioll lilies, followillg 1',11'11 vmial>II"s
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illiLialvalll(')' Tofilld tll('cxcitl'dslaLesofolll"p,rolllidsLaL('sLrlICLIir<'s, \\"elH'rfmlll<'d
TD-DFT/I3:lLYP 171',79,1'0,1'1, X21 calclilaLi(Hls Oil III<' IIIOIIOIII('rS of 111(' dilll'I<'liI
opLillliz('d SLrlldlir<'s (COITI'SpOll<lillp, 1.0 p;as phas(" ,\.lid l<'pl<'sl'IILalive II<'x,lgoll,1I alld
1,llllellilrsLrlICLIII<'s)
III ordl'r LoobLaili theopLilllizedsLrllCllIl<'s we IIs('d thl' keywmdopL ill III(' (C:allssiall)
illpliL files. All 1I1011'clilar alld pee strllctlll"es werc flilly p;('oliletry opl,illlized 1.0 l'I',\("h
the IIlillillllllli cllcrgy state 011 thf' PES for the p;rolilid sLate. Tllis cOll<lilioli is salislied
Whf'lI Lhe first order p;radicllt of f'llf'rgy with respect 1.0 the IIl1c\I';lr ("(}mdillall's is
i:f'ro. 111 Table :\.1, thc niLl'ria for 1,\1(' SCF COIIVf'I'gf'IICl' aI<' sll<)\vII. TIl(' 1II,IXilllllili
COllllHJllf'lIt of forcc alld thl' root 1I11'ali SfJllare (llilIS) of the fmcI' ,IS well ,IS til('
calclilatl'd displil.f"f'lIl<~lIt alld the l1.il1S of Lhl' displiwl'III<'llt for 1,\1<' Il('xL sll'p sll<lllid
Ill' below Lhe t1Jr1'shold valll('s 1{)41 as ilidicaLed ill Table :1.2 fm tll<'calclilaliolilo Ill'
t,('rJlliliated
Table :\.1: Th(, niLeria of III(' SCI" COIIVl'IW'IWI'
To p,l'II<'rM,c Lhl~ illpliL fill' alld 1.0 displilY alld 1I11'aSIll"I' III<' qllililtitil'S of 1111' 0111 pili
P;('OIlII'tries WI' IIsed GallssView 4.1.2 vislializatifJII softwHrI' IXclJ. TIl(' UV-Vis Slll'ciia
were I'akillated IIsillp, the SWizard proP;nJ II I , revisioll cUj IX:ll. Thl' h,lIf-billl<lwidlhs.
weI<' Lakl'lI to be ('qllal to :\000 1"111- 1. 111 order 10 lilld the iIlLl'r-lllo[I'Clllili' dislilllC('
ill ollr 1I1011'clllar illv('stigatioll, WI' IIsl'd NOlilill<'ar l1.l'p,ressioll Allidysis I'rognl.lIl (NI.-
IlIXi) soft,ware which IISI'S til<' If',lsl SqllHrl'd dislall("('itpproxillliilioll to IiI. a pia III'
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1,0 sd or poi III,s ill :10. The disj,allc(' !Jrj,w('('11 LlI(' j,wo plall('s W('I(' o!Jlailll'd as j,hl'
illj,l'!'-1I1011'1'IJla!' distallC<'. Also ACD/Chl'IIlSkl'j,ch (FI('l'w'll'I')J2.01 was IISI'd 1,0 skl'l<'!J
j,hl' sl.!'lIdll!'l's. "'Volr!'alll I\la.l.llI'lIlat.ica 7 WilS IIsl'd III plot SOllll' daj,a
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Structure and Electronic
Properties of Fluorene Derivatives
in Oligomer and Solid-State
Systems
III t.his ('hapt.er, first Wl' illV<'stigatl' Lit(, n<Tllnt('y of III(' sl'llIil'lIlpiri('ally displ'rsioll
l'OITl'l'l.l'd OPT IlleLilod (OFTjD~)70) 1>y detl'1'11lillillg Lit(' strll('tlll'(' alld l'It('rgy I<-vl'ls
ofrlllml'lIl' 11,\s('d (,olljllgai.<'d oligollll'rS,\IIl! polyllt('rs, To thisl'lld, a l'Olllp,lrisol1 has
1>l'(,11 Illadl' Iwtwl'l'll tit(, sta1>ll' st1'11l'111I'l'S alill thl' J-10i\IO alld LUi\IO l'IIl'rgy Il'\'l'ls of
(1IIml'lll' ,\ml flllor('IIl' Il<-rivatiV<'s ol,tailll'd wilh this III('thod (OFTjf3!J7D) alld thos('
o1>tailll'd IISilig pilI'(' DFT Illethods willi l'iLll('r D!J7 alld 13:ILYP flllll'l.iolials, 130Llloj
thl'Sl' are, ill t111'lI, (,olllp<lrC'd with l'xpl'rillt('liI,al wSlllt.s whell availalJl(', III addil i011
hy l'olllpmilig t.hC' rC'sldts of t.h(' l'1I1'rp;.\' l('v('ls, Wl' also illlistralC' how LlII' ililra- ,\lId
illlC'r-lliolC'l'ldar illtC'rHct.iolis ill solid-stall' strlll'l.111'I'S l'all illfhll'IIl'I' the vahll's of /-,'"",,'S
Pillally, we' iIIvestip;a1.<' thl' effeet. of nexiIJ[(' sid('-('haills ill LlI(' fmlliatioll of I Ill' 1>ldk
:\0
sl,rlldlll"(' of rps,
4.1 The Importance of Dispersion in Molecular Cal-
culations
III ord('r Co illwsligat(' thl' ('If('cl, ofdisp('rsil)ll illchld('d ill t!1(' DFT-D ilpproilch, 11'('
CD7\) flilictiolln!s, 'vVe p('rfol\lI('d rigid pot('III,iill ell('rgy scalls ilS a fIllWt,ioli of 7f-
sl,ilckillg disl,illl('I" d, for CWO HIIOl'{'II(' 1I101l01l1<'rS oril'lltJ'd paralle! I"('!al,ive 1,0 ('ilch
ol,h(,!'. The ['('sldts of tlll'S(' smlls ilJ'(' plol.!ed ill Figllr(' .1.1, 011<' of t.!1(' ('III'V('S \\'ilS
d('I.<'rlllilll'd IIsillg DFT/CD7 iliid ChI' ot.!I<'r OPT/CD70 ilpprOiwh (ill !>ol,h (';IS('S III<'
rigid scalls arl' pl'rforlll('d Oil the 1I10110IIII'rs whos(' g('OIlIl'tl'il's W('I"(' oplillliz('d with
CD70 fIlllcl,iowt! alld !ntJ'[' kepi fixed whl'lI Ii WilS varil'd), 1'11<' cOlllpmisoll of III('
Cwo CIlrWS ill Figlll"(' 4,1 c!('arly shows chill, t 11(' SI'llIil'lIlpiric;t1!y ('OIT(,(,t(,d disPI'I'sioli
fIIIICl,iollil!, CD70, resldl,s ill il physicill desnipt i011 wil,h il s!H'cili('d sl,all[e poillt W!I('I"('ilS
C!)7 dOl'S lIoll('ad 10 a IIlillillllllll
The i\IOs for t.!1<' Cwo oplililizl'd (wil,h CI)7 illid I3D70 flilldiollit!S) IhJ()['('III' C!lIsl,('rs
are showli ill Pigllrl' 4,2, 'vVhile t.!1<~ ilW!IISioli of disp('I'sioli l'OITI'Ct i011 illfl'ds III('
eqlli!ibriillll (1I11c!I'ar) g;1'OIlII'tl'Y directly, it. also has ;111 illdirl'cl, ('[fl'cl Oil t.!1(' (,I('I,t rollil
(SeF) OFT cakldatiolls sillce these cillcliialiolis arc ('arried 0111, Oil t.!1(' disPI'ISioli
l'OIT('d(,d (1IIodified) g('olll('trics, This o!>sl'rvatioll is ('oldirliled ill Pigll[,(' ,1.2 wllich
shows thaI, whell n(l7 fllll<tiolial is Ilsl'd ChI' opl,illlizl'd stl\wlll[,(' IIiIS 1,11<' plall<'s of
IllIorl'II<' IllIil,s slliftl'd rl'!al,ivl' to I'iwh other ill slich ;1 way I,hal, 1,11<'y oVI'rl;ql \'('1'\
lit.t.II', As il l"('slIlt, of this ['('dll(,('d overlap, the COITI'SPOll<lillg i\IOs of t.!1(' shifl(,d
fIIlO['('III'S display wry little illl,cr-1I10!I'cldm illl,l'rHd,ioIIS, III 1,1Ir1l, wll<'lI 13D7D is IIS('(I,
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11l<'oplillliz('<I sl['lwl[II"<,II'I,IIJ(' plilll",ol'IIIIOJ"('I[(' 1IIIilsolllopor,',wllolll<'1 '111<1
Ill<' ('I[ISI"I" i, 111m,' pilck('<1 ill 111(' IT sl;wkillg (·oldiglll"illioll. TIJ(' J"('Sltll, or tlti, SlII;dl
S\'I l< 1\. cl('ill"l\' illtlSll"ill" IIJ(' illlJ)()I"I;lIw,' or [lSillg <li,p(,l"sio[1 "O['[','c1<'<1 ft[[wliollills ,Iwll
'1,ll!)'I)\\·It('II<I"I"l"lllilli[lgllitlkJD,II"IICIIII'"
B9ID
1.2: Top [[[oll'I'[dil]" o]"I,ilids o!>li\i[[('d fo]" 'I 1,IIISII']" oft\\'o IIIIO['('III',S 11[,11 \\'('['1'
willi 1)lcT/13!)i 'Ilid D!"T/IIDiJ) f[II[('liol\ids,\s i[ldil',\il'd Oil 11\1' liglll'l'
4.2 B97D versus B3LYP in Solid-State Calcula-
tions - Eqllp Determination
13:1LYP is Olll' of thl' 1I10St popldar flllictiollais t"o II10dl'I till' I'll'l'Lrollic strll<'lml' oj
orp;allic polylll('rs. III thisSl'Ctioll, WI' IIla"l'a COllljJilrisOIlI)('tWl'l'lI thl'ohtaill('d P;l'OIIlI'-
tril's alld 1'1I1'rg,y lewis for thl' PP st"nl<'tml'S optilllizl'd ill 10 solid slatl' cakldatiolls
with B:lLYl' alld 1397D a.pproxiIlHltiolis. Thl' p;oal is to dctl'nllill<' til<' opt.i[ll<d I[Sdld-
lIess of thl'se flllH"Liolials ill thl' solid st,JlP stlidil'S
The strJl("Lml' of PF with flllorl'1I1' dillier ill t.II<' 1IIIit ("(,II (Pip;ml' ·1.:1 (a)) \ViiS opti-
IIlizl'd ill 10 IISillP; 13:1LYl' alld 13970. This strllcl.ml' C,1I1 1)(' cOlisidered as a g,as p1H1Sl'
stnl<'tlJr<' of PP, sill("(' 110 illtN-cllHili i,il.enwtiolls arl' ilwhldl'd. Tahll' ·1.1 cll'ilrl\' sh()\\,s
that the I)('st n'sliit for the e",,1' of l'F is ohtailll'd Whl'll 1,11(' sillp;lc poilil l'lIl'rg,y lD
l'I3C-OFT/13:1LYP cilklilatioll is pl'rfmllll'd 011 10 PI3C-OPT/13970 opt illlizl'd g,l'lJlII-
l'try (ID illsll'ad of :10 was IIsl'd fm sililplicity ill this casl' ,lIld fm hettl'r cOlilparisoll
with I'Xpl'lilll<'lIt which IISl'S optical data ill ddllt.l' SOhllioli 1"'\(;]) which is I<dH'll'd:ls
B:lLYP/I3!)70. 13:1LYP/I3:1LYP p;avl' a sillliial \('sldt as 13:ILYPI1397D withill L11(' OIl<'
dl'ciliJaI poillt a('cllmcy Whl'll cO[lIpaled to L11(' l'X!H'lilll<'lItaln'slIlt.. TIl(' 13!)7D/11971)
alld B970/B:lLYl' l'alcldatiolls Wl'le off hy 1I1'ilrly 1 IV
To test thl'sl' flilictiolials fmthl'r, thl' sallll' cai<'ldatiolis havl' hl'I'1I !H'rfmllll'd fm ot Ill'l
fIIlO\{'1I1' h'lS1'd pOlylll('lS S111·h alterllatillg, f1l1ml'III'-ox,ldiazoll' l'opolyllll'rs 01 OxFIi
(11=1,2), whos(' \{'SIH'ctiv(' c!1<'lIlicid stnl<'tml's ,I\{' ShOWl1 ill F'ip;ml' ,1.:1 (11) illid (c)
Thl'ir \{'Sliits all' SllIlIlIlilrizl'd ill TidJh' ..J.2 alld Tahll' ,1.:1 \{'SIH'ctivl'ly. COlilpilrillg, thl'
rl'sliits with t.hl' l'Xpl'lillll'lltal valll<'s of 11', EA alld ey,,!, fm PFOx which a\{' ill t hI'
lTyst.allilll' ph'ISI' [K71, ilp;aill cOlisidl'lillg, that ill th(' lTyst.allilll' plHIsl' th(' l"I[ld g,'lp
:11
is n'dllc('d hy 0.2-0.:1 ('V. \1'(' cOllcllld(' lliat aillioligli til(' ohtaill('d g('(lIll<'tri<'s of III<'
stl"ll<"lm('s an' pr('tt.\" silllilm for til(' tm) fll I I<"!iolla Is. 11i(' ITILYI'/f3!)70 approacli gil'('s
til(' ('11<'rgy 1<'I·('ls llial gil"(' h('st agn'('III('lIt II'itli lli(' ('xp('rilll<'llIal n'sldts for I:;',,,,,
COlliparisOlls l)('tll'('('11 III<' !!;('olll('tri('s of til(' opt illliz('d sl 1"11<"1 1m's (\I'itli 13~)7 alI<I 13lJ7J)
fllll<"tiolials) as SllII II IImiz('d ill til<' Ilm'('tahl('s (Tahl('s.l.l-cl.:l) illdical(,slliidl dilr('r-
('IIC('S l)('t\l'('('11 11i(' t\l'O St.I"IH'lllr('s COITl'SpOlidillP; to tli(' t.\I'O fllll<"lioliids ill <'acli of III<'
Ilm'('cas('s. It willl)('slio\l'1I ill Cliapt('r:> tliilt.tliis\l'iIlIH' 11i<'cas(' ror FlI13Tsas\l'('11.
Tll('rdor(', it CiIIlI)('collcll\(l('d t.liid ('1'('11 Ul<lIlgli 13!)7J) iSilppropriat(' for ohl,lillillg
!!;as plias(' ,\lId solid st.at.(' opt.illliz('d g('OIII('t.ri('s, it. S('('IIIS to 1I11<1('n'stilllidl' til(' IIOCO
il is ilion' ilppropriid,(' t.o IIS(' 13:ILYP fliliciiolial Oil III(' solid st,II(' r31)71) optillli/,I'd
p;r'OIlI<'trl('S
'lid)I('-I.I: ('olllpmisoll ofl'miolls('lI('rg\' pm;\lII('t('rs(iollizaliolll)()I('lItial (II'). ('11'('-
troll allillity (EA). I~,,,,,) olltaill('d ill sill!!;l(' poillt ('ll('rg\' ID 1'13('-DI"T ('alcldaliolls
IIsilig OFT fllll<"tiolials as illdicall'd ill III(' firsl COIIlIlIIi lin PI" (\I'itliollt sidl'-dlilills).
TIi(' first coli 1111 II illdical('s III(' OFT flillctiolials I'lIlplo.\"l'd ill flllh' opl illliz<'d I J) l'll('-
DFT calclilatiolls to ohtaill !!;(,olllptn' parillll('tl'rS (of II'liicli 1m). trillislatiolial 1·1,(·tOI
(TV) alld torsiollal all!!;I<' (TA) 1)('111'('<'11 11I01I01I1('rS an' ill<"llId('d ill III<' tahl<') IIs('d ill
11\('sill!!;l('poillt('II<'rg\·collI\llllatiolls.
Opt :\1<'t.liod TV(A) TA(O) Sillgk Poi III IIktliod II' (V) EA (I'V) r;!I",,(I'\')
13:ILYP Ui.<) I-Hi l3:lLYP rdl2 l.fiO :\.·12
13<)7D UO 2.0K :.U2
13()7D Ifi.lJ lelLI C:lLYP rdl2 Ifil :UK
I3lJ7f) 1.·10 211
Expl. [~(i, K:>]
(a)
(b)
(c)
1.:\: \lol""lIlm,II'I\('IIII','ol'('l) 1'1: (il) Chl,'1 '1IId ((') Chl,':2llllil (,(,II, ill II)
,id,,-dl'lill')
Tahle 4.2: COillparisoll of 11', (EA) alld [<;9 0 1' ohLailled ill sillf!,k' poillt 1'lllTf!,Y I D 1)\3('-
DI''T calcldatiolls IIsillg 13:ILYP alld 13IJ7D fllllcLiollals for Oxl"] (wiLilollL sidc-cllilills)
I'll(' lirst. COIIlIII[1 illdicilt.es till' DFT fll[lcLiOlliiIs 1'llIp[oye<! ill fldly opLi[llizcd 1D PIl('-
DFT cilklliatiolls Lo olJLaill gl'ollll't.ry panlllll'LI'rs (of wilicil Lril[lslaLiollill \l('cLOI
(TV) illld torsioll allgll' (TA) ill(' illClll<[ed ill Ill(' Lilhll') IlsI'd ill 1.111' ~,1I1[C[11' 1)(11111, '['IIIT[C\,
COlllpllLaLiolls
Opt. i\ldilo<! TV(A) TA(O) Sillg!I' Poi[IL i\ll'Iilo<! II'(IV) E/\ (IV)~
B:ILYP LUJ IXO 13:ILYP :,:)(j 2.:\1
13!)7D cl.!)1 27!) 2.12
131)7D lJ<J IXO 13:ILYP [i.-II 2.:HJ :111
13!)7D -I. X!) 2.X7 2.02
Expl IX7] h.O!) 2.!J:l :L1(j
4.3 Gas Phase and Cluster Molecular Computa-
tions
In this scd,ioll, we illvest.igilt.e till' <'ftcct, of illtril- alld illtcr-llloll'clllm illtcr,wt iO[IS Oil
till' f!,1'o[lleLry alld I'llergy II'vds of I,ll(' opLilllizcd ('[llorl'[II' strllctlll'es (ill f!"IS piIiISI' il[l<[
ill cllIst.ers) hy per[orillillf!, IlIoll'clIlar DFTjl3!J7D calclliatiolls. 1'(Jr til(' Clllsll'r sLrll('-
tlll('S, till' <!l'jH'lllII'lIl'e of tilc illl.l'r-Jlloll'I'ldar disl,ilIlCI' 0[1 Ill(' Lorsio[lid illlf!,lc 1)('1\\'1'1'[[
I ill' flll()l'CIII' IilliLs is also iIlVl'sLif!,illl'd
4.3.1 Gas Phase Fluorene Monomer and Dimer
1'[1(' rill()l'CIII' IIIOII'I'lIlc, cililnwLeri:t.I'<! ill Jo'if!,III(' 4.,1 (a). is 1.11<' hllil<!illf!, hll)('k of 1.111'
stllICI"II('s illvl'stigilt,ed ill t.ilis till'sis. [I cOIILaills two hl'I[:t.<'I\(' rillf!,s wilicil ill(' mpl,I[IiI[
wil.ll till' cI'IILnd carholl al,OIlI ill t.[l(' 1I10k'('ldl' IXK]. SI arl illg fro II I Illis SLIIICIllI'l',
Llll'sl,r\l('l.III('offil\()J'cllc <!illll'l' I'all IH'oIJLililll'd (Illilkill f!,sllI'eliliit iLs,llislil'sl,III'
illvcrsioll poi lit, sylllllletry as reljllircd hy Lill' IOllg r;JlIgc LrallslaLioll,d spa('I' illvmi,IIIC("
:\7
Tallll' cl.:\: COiliparisoli of IP, (EA) alld I~flo" obtai lied ill sillgle pOill!, l'III'rgy I D 1'13('-
DFT mll'ldatiolis IISillg 13:\LVI' alld 13!)70 flll(('tiomds for OxF2 (witliollt sidl'-cli'lills)
Tlie lirst coil 11 II II ilHlicates tlie 01,'1' fllllitillllais l'lliployed ill flllIy optilllizl'd 1D l'll(,-
OFT calcillatiolis to olltaill gl'OIlII'1 ry 1J<lnlllll'I<'rs (of wliicli I r'lI\sl;lI iOII,t! U'I'I,OI
(TV) alld torsioll allgle (TA) '11'1' il(('IIHled ill I ill' labll') IIsed ill
I'olllpillatiolis
Opt i\letliod TV(A) TA(O) Sillgle 1'0ilit 1\II'tliod ]1' (eV) Ei\ (I'V) 1'7""1' (eV)
13:\LVI' 2()() l:l4 D:lLVI' :).cl\ I.!)[i :lIli
13!)7D cl7[i 2.cl:\ 2:\2
13!l70 2()() J:l:\ l3:lLVI' [i.:\!l 2.ll:l :U(;
13!l7D 1.7·1 2.;'() 2.2\
Expl [il71 ;,.7:l 2.7!l 2!l1
SI'I' Figllre ~l..! (b)) ]11 a silllilm way, tliI' 1111111\)('1' of all.c'lwltilig cooligollH'rs 'Ilid
copolYlIll'rs witli diff('rl'lIt physical properties call \)(' obtailll'd by bOlidillg diffl'I"I'11!
IIIOI('('[dl'S to tli(' Hllorl'lIl' 111011'('1111' (for ('xailiple SI'I' Figllr(' 1.2). For t.!1<'se stl"lll'llI«'s.
thl' illl.rn-llloll'cldm illteractiolls alollg tlil' cliaill l'ssl'lll.ially del.c'rlilille 1111' 1,II'drollil
prop('rtil's of tli(' oligOiliers nlHI poIYIIII'rs ill 10
It is kllowli tliat 1;;'1"" for a POIYIIII'r call 1)(' I'xlrapolaic'd fro 11 I lillit,(' oligollJ('r 1',111'111,1-
tiolls sill(,(' ill tlil' lilliit of ililillitl' 1Illl1dJ('r of 1I1011011l1'rs ill t.!J(' oligolll<,[" t.!J(' poIYIIII'1
lililitilig vallI<' call \)(' «',wiled. As all I'X'lllIpll' of till' c1fl'd of ililra-Iliolecidar ill!er-
actio liS 011 tlie l'III'rgy II'vcls of 1.111' IllIorl'III' oligollll'rs, WI' IlsI'd 13!)7D 10 optilllize I iiI'
strlldllrl'S allli to lilld t.!1<' HOi\IO, LUi\\O 'Ilid /;;'1 0 1' of IllIorl'III' 1110110111<'1' 'Ilid dillll'l
III tli(' Tabll' ,1.4 till' resliits '1,[(' I'ollipmed witli those obtailll'd fro II I II) 1'13(:-1)1-"1'
calclilatiolis for PF (se(' Tabl(' 4.1) alld t.!J(' I'Xpl'rillll'lItal vailil'. A l'olllp'lrisoli \)('IW('I'II
t.!1<' vailies illdicate t.hat. the valliI' of /;;'1"" is redlll'('(l 'IS till' 11111111)('1' of 1I101l0111('rS is
ill(TI'asl'd. I-1ow('vI'r, tliisdl'('['('asl'istoolllllclisillcewlielll.lJ('vallil'sml'I'xlr'!f>ol,II,I'd
to tlie ililillite cliaill 11'llgt.il (lisilig tlie so called oligollll'r apprwlcil), 13!l7D is agaill
(a)
(b)
Figllr<' I. I: "\loll'I",dilr ~I rll<"lll1'<' O!" iI ~illgl<- (;1) 111101"1'111' Iliollolllt'r ;11'.1 (I.) 1I110r<'III'
dillll'l
II ~Iltlldd 1)(' lIot('d I h;11 1(11" 1111' opl illlizl'd ~1 rll<"llIr<' O!" 1I110r<'1«' dill«'r I h('r<' i~;1 IOI"~iOllid
;llIgII' O!" IIGo 1)('1\\"('1'11 1111' ;dil'rll;llillg IIl1il~ ,,"llid, ;I~ 11"1' ~I'I' ill 1111' !"OIlIl\I"ilig ~1'("liOIl~
Tahll'LI.4: Thl'HOI\IO, LUI\IO alld [-;'1"" of I he fhlOl<'III' IIIOllOIIIl'r, fI 1101'1'1 Il' dillll'r ,llld
ID rr IIsillg I3q7D/(i-:llG(d) cOllqJ<Ir<'d to I he l'xpl'rillll'lI!al vahl<'s
4.3.2 Non-bonded Fluorene Monomer and Dimer Clusters
To illvestigate thl' illtl'r-lIlOll'cIJlm illtl'l'acticJIIs hetWl'I'1i thl' (-I IImelle 1I101('l'lIles, III<'
slrllct,III'l' of two IIOIl-hoIiCit'd allli-pmalll'l fhlOrl'III' 1I101l011ll'rs (2rl) (Figllrl' cl.!l (a))
alld Iwo 1I01l-holllled allti-parallel fIIlOI'I'lIe dillll'rs (2r2) (Figlll<' el.;, (I))) \\'l'I<' opl i-
IIlized at I3l)7D/(i-:llG(d) Il'wl. III order to lilld til<' illl,n-llloll'clilm dislalll'l' of I Ill'
optilllized strllctlll<'S, we IIsed the le'lst sCl'lal<'d distallcl' approxilll,iI,ioll!o Iii ,I pl'llll'
to thl' cmholl atolllS of each III0IIOIIIl'1'. Thl'lI the distalll'l' 1)(,tl\'l'l'll tile !\\·o p'lr,dll'l
pia III'S was dciilll'd ,IS till' illter-1I10Il'clllm dislallcl'. For this pllrpose, Wl' IISI'd 1.11<' NL-
11EG progl'illli 'lIId III<' comdillates of the cmholl atolllS weI<' dirl'ltly l'xl.r'l('t('d frolll
111l' gallssiall OlltPllt lill', III Figllrl' ,-*.(i. two types of possihll' pi1lalll,j plaill's ohLlilled
hy Ihis Illd,IIOd for till' strllct,IIIl' of 2P2 arc ilhlstrated.Em'h plalll' CO!TI'SpOllds!o a
fl'IOl'l'II(' 11101l'I'IJle ill a dilll<'r twisl.<'d I,y ,\ tOl'sioll 'lIIgle with respec! to I hi' lIeigld)()lIr-
illg 111101'1'111' Illoleclli<'. The illtn-lliolecllli1l distall(,('s ohtailled hy this 111('thod ,11'l':U
A allli :l.!l A for 2Fl ,11 Il 1 2F2 I('SI)('cl,iwly. Also dill' to till' 1I10!1'1'IJIar packillg elrl'I'1
til(' tOl'siOIi 'Iligle I)('tweell the [I II ore 11(' IllIils ill 2F2 is dl'(Tl'ased hy ahollt ;,0 l<'bilivI'
to all isolated diliin F2
SillCl' ill the oplililized stl'1 Il'tl 11'(' of 2FJ till' 1I101l011l1'rs me shifted I<'liitiw 10 e'l('h
olhn, ill OI'l1<'r to estilllHtl' the size of this shift, Wl' also 1'0111 Il I til(' dislalll'l' hl'l\\'l'I'1i
II'
I."~"'.'. '" "ok'·,,'0 """"",.0' ,,,) ",,,,.,,,,,,,,,.,' ""0"·"'· ",,"'0""" ,0,,1,1,) ,,00·
\lO\l(It'(1 IIII()ITII(' (1\\11\'1 l·III~I('I~
lolll('strlwtllr('ofllOll-IH)lldl'dllllOI"l'lll'
disLlllCI'll\('I!tod
1!t('I','llil'rs of lllilSS oft!\(' two 1I\()IIOII\('rS 'Illd dl'II'rlllilll'd il to 1)(' :Ui \, Ihsilll-
pl,'lrigollllllll'tricc;dcII!;iliolltl)("llIlolllltoflr;lIlsl'ltiolIol't!1('1I1l1l101l1l'!"SI"l,liltil'l'to
1';W!t ol!t('r iSilholl1 1,:2 A, III Tilhll"I.:), 1111' IIOi\IO, I,LJi\IO i111l1/c'""" oftlll'SI' stl'III'-
tlll"l'S ,Il'l' S!tOIl' II , ;\l'olllp;lrisolll)('III'l'l'lltlll'I',dlll'sof/:'"""forl!t('sl'strlll'IIII"l'slI'illl
1!l('ir l'OITI'sIHlIlllillg Slrlwllll'l'S ill 111l' 'I;dlll' 1.1. 1I,!ticll ;Il'l' sillgl,' (g'ls plliISI') IIIIOI'I'IIl'
IIIOIIOIIIl'r i111l1 fIIlOI'I'III' dillll'!" rl'spl'I'til"l'I,I' cll'i1rl,l' silows t!liil 1111' illil'r-llloll'I'IIIi1r illll'r-
;ll'tio1l.';1)('III'I'I'1I11101101l11'!"s;lIlddillll'rsd"l'1'I'i1SI'II\('/,'"",,"S l'i1II\('Il\'O,1 i111l1 0,:1 (1'\')
1II'llldiliollll'l'ploiil'dilll'I'III'rg\';ls;II'lIlwliollol'll\('iIIt('r-llloll'I'ltlilrdisl'IIII'I' ;1"
oht'lill('dfmlllrigidsc;IIIC'Ii<-II!;ilioll",forilll'lwoslrlwtlll"l'S(!,'iglll,,'l.i),Ctllllpilrillg
tll('l'III'I'I'illl,'igllll'I,i(i1)",illlllll'pl"l'I'iOIlSsilllil;)l1',d"lI!;llioll II"illg\II':2/CI) Il'I",1
I'or :2FI [!)O] , 111(' sLdlll' poillt is cloSl' to :I.";!\ ill hotll l'i1S1'S, IloII'I'I'I'!", til(' dl'pl!t 01
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Fil-':lIrC -·1.7- Ilil-':id scali of ('IIC'rf!;Y V('rSIIS illl.l'r-lIloll'cIJlar disl.alll'(' for two (a) 11011-
hOlldl~d f1l1llrelle 1li01lOiliers illid (h) 11011- hOllded flllorJ~lledi 11I1~rs Iisi III-': IJIJ7f) /(;-:\ IC (d)_
1',II)le 4.:J: TIl(' HOi'vJO, LUi\[O alld r:""" of t,he lIoll-!Jolld('d Hilorelll' 1I101l0111('r ,lIld
IIOII-!Jollded fillorelledillll'rcilisters IIsilig 131)7D/(j-:\IG(d).
NOII-!Jolldl'd Florell(' i\lollolilers
NOII-hollded FhlOn'III' Dilliers
Illfillit,e ID PF
thl' clllve illdicatillg the strellgl.h of illter,wl.ioll is wry shallow ill t.!1(' i\1I):2/(:1' 1<"'1,1
cOlilpan'd to 13!)7D c,dclllill.il)(1. This agn'I'IIII'1I1 for 21el 1)('1,11'('1'11 t.!11'or<'l.icill I'('slliis
o!Jtailied IIsillg two diffl'n'lIt ah illtio approilcll('s sllggl'sls t.!lill 131)71J Cilll 1)(' IIsed 10 ;\('-
cllrall'ly desnilH' thl' illt('Ul(tioll 1)('1,11'1'1'1111'1' flllorl'III' Illo!('cIIII'S. Till' ol,lililll'll 1'111'\'1'
for 21-'2 also illdicates that 131)7D/(j-:nC(d) call give rl'i1sollahll' rl'sllits for prl'dicl illg
illtn-lIloll'cldnr distillices for Imger Systl'IIIS illvolvillg oligOlller or pO!.VIIII'r 1·llIstl'l·s
To sec whether or 1101, the illtcr-lIloll'I'lIlm distallce depellds Oil t.!)(' I,()rsioll illigle
l)('twI'eli the fillon'III' IlioleclIll's ill 21"2, WI' perforilled iI cOlistrililll'd optilllizatioll lI'i1 II
I3!J7D hy freezillg the torsi 011 allgil' ill a Iilllgl' of 1,ID-IXD degrl'('s. IlowI'v('r. III('
distallu' i1S illdicatl'd ill I"igllle 4.X (a) is 1101, affecl.<'d IJ)' lorsiollal allgll' to i111 ;\('1'11I;1('\
of D.l A. COlisiderilig til(' graph of l'll('rgy ,IS a fllllCtioli of torsioll i1l1gl(' (Ieigllrl' ·I.X
(!J)), 11'(' COllclllde Ihal ;11. this I<'wl of 1II('0ry (DFT/IYJ7D) i1l1d ill 1111' Iilllgl' of I:Hl-IKD
dl'grl'I'S for torsiollal illlgle, :1.;) A is 1.11(' 1I10St stahl<' illl.<'r-Illoll'(·IIim dis!;IIII'(' IH'I\\'I'I'II
1.11(' [lllorl'IH' IIIOII'Cldl's. This sholIid he mill pared to l'xIH'rilll('III.i11 1';11111' ofl.l:J A 1'01
the 7T stackillg disti\.ll(,(' fOlilHI ill thill P1"O fillils [!JLj
III Slllllllinry, I3~J7D/(j-:lLC:(d) call 1,1' IlscflIi to estililill.I' t.!1(' hllik Strt\('IIIII' of 1)1<' ;11111
it gives well dcfilled sl.aiJle poillt, al. a rl'i1sollaiJle illtn-lllo!<'clIiar dislilllCI' for 1IIIorl'III'
cillsteis. I-!o\Vewr, this hlllcl.iIHlil.1 is 1101. velY 1Iscfll I ill estilllil.tilig 1,111' 1'7""" Silll'(' il
p;ives rathcr poor agrccillclit with til(' ('OITl'SI)(JlldillP; ('XI)('I'iIIICllt villllI'
4.4 Solid-State Calculations of PFs
[II this SCCtiOIl, WI' IISl'd I D 1'13C'-DFT l'Olllpll1 al iOlls to stlldy 1111' <'11'1'('1 01' I h(' p!<III'lrit\,
01' 1111' Imck-I)()lll' of I'P Oil thl' I'lInp;y Il'wls illid til(' villlll' of /';"0" of tllis polyllll'l
TIl(' ill('J'l~ilsl'd plallarity is I'XIH'ctl'd 'IS iI I"l'sidt of thl' illll'r-cimill illll'rildiolis ill III('
hldk forlll whl'lI thc chaills ,Irc closc 1'1I011p;h, It, is also I'XI)('cl.('(1 thilt ,IS iI I"l'sidt of iI
1I101"l' plallar hack-hollc thl' vahll' of' /';"0" will hl~ dCC'I"l'ased, III ordl'r to silidy I,ll(' hlilk
l'ffel'ts fllrtlll'r, wc I'xtl'lId 011I" Stlldil~S to 2D alld :ID SySI<'IIIS hy illl'llldillp; sidl'-chaills
alld ap;aill IIsillp; a DFT solid-st.'ltc appmach
4.4.1 PF With Planar Back-Bone
It is 1H'lil'Vl'd thai, tllI~ illl('r-1I1011'1'ldill illll'rilctiolis ill the ('J'yst,dlilll' ph'ls(' of PFs 111'1\'
afl'l'ct tll('p;cOIlidry parallll'tnsof thl' llil.ck-holl('SIIl'II as 1111' lorsiollal 'lllp;ll' h<'l\\'('I'11
t.hc ,dtCl"llatillp; IllIits [2:1J, Tll('sl' <'I1'1'ds, whiell arl' pml 01' sO-I',dll'd I)lilk ('lIecls. 111'1\
for l'xaillpl(~ d(~('J'('ilSl' the torsiollal allp;i<~ hd,wc(~11 ,t!tl'rllal,illp; 1IIIits 'Ilid I"l'sidl ill 'I
1I101"l' pl'lIli1r I),\('k-hollc for the polYlllcrs which ill 1111"I1 IIlay Il"HI to Iheir difl'I'I'('lti
(~Iccl roll ic alld opt.ical propcrtil~S, III th is SCCtiOIl, WI' i IIVl'st,iga 1,1' tI II~ possi hll' 1'1['('1'1 s
of thl' plallill lJ<lck-IJoII(~ 011 til(' c11'cl rollic pm!ll'rties (/';"0") of pIII"e 1'1" ill I J) 1)13(:
DFT/13:1LYP which is chan1l't('I'ii\I'd hy a 1lllit, 1'1'11 as showil ill rip;lll"l~ .\.:\ ('I).
First of all, wc Ilccd to ddcl"lllilll~ thl~ sllmllcst 1IIIIIIhl'I' of k poiliis (0111' thill dOl'S
1101, COlilprolllis(' the a('C'lII'ilCY of r('cipmcal latLicl' illl<'p;ratiolis 'lIld Illillilllii\I'S 1,111'
(a)
~ 03
10 .2
(b)
/
·Hi
('Olllpiltatiollal ('O~t~) to hl' II~ed ill ~olid stat(' ('alclJiat iOIl~ of rF~ ill II), I<'i~III(' I.!)
~how that for rl.' ill I D, :\2-k poilll (',licIJialiolls aI(' ~lllIici('liI to IlIod('1 III(' h'llId
~tl'l\('tIll'C of I,he~(' systeills siIlC(' allel' :\2 f,' poillts th(' IIOCO, LlJC'O alld 1.11(' Ililll(l
~'IP do 1101, chall~e si~lIificalltly i,(', t.ll('y ('OIlV('I'f!,e to their filial \',lill('s
Next, for thl' plll'poseOfCOlllpal'isoll of rl<' with plallal' alld 1I011-plallal' IJ,\('k-I)()lIl'. III('
sillgle poi III, l'IH:I'~y (',Ii('IJiat.iolls all' pl~l'forllled to filld thl' Imlld Stl'lll'tlll'l'S of pilI(' PI".
ill the optillli:t.l'd lIoll-p\;tIInr cOllli~III"ltioll with 'I torSiOl1 all~ll' of lel(i 0 l)('tw('l'll I II('
I'hlorelle Illoll'l'IJi('S, 'Illd ill thl' 1I01l-0ptillli:t.ed plallnr (,ollfi~lll'i\tioll with I,('ro torsioll
all~ll' l)('twl'('11 fhIOITIH'S, The l('slJils pl'l'Sl'IIt<'d ill I<'i~III'(' ,I. Ill. sl ill ('()J'I'('~I)()fld 10
isolated (~as pllil~l') rF. This fi~III'l' illdi(',lIl'~ that til(' vallll' of till' h'lll(l ~ap l'II('I'~y
for the plallill' hack-IJOlIc is dl~nl'asl'd hI' 0.:\ (V which is all l'xpeeLed I('SIJit for 111('sl'
PO!.YIIH'I'S. III III(' followill~ disClIssiollS, Wl' illvesti~atl' the ori~ill of 1.11(' hllik efl'('cis ill
Illorl'detail
4.4.2 PF in ID, 2D and 3D
To rilld the ori~ill of IJIIlk dl'l'cts Oil thl' stl'lICtlll'C of rIC's hack-I)()fl(" Illl' fil'sl sll'p
is to COl II IHII'l' thc f!,l~()III('t.I'Y of plll'l' rIC ill J D, 2D alld :\D, The stl'l\('IIII(' of 1'1,'
(Fi~lII'l' "1.:\ (a)) i~ opl,illli:t.cd ill all C'I~l'S lI~ill~ I.Ill' rBe: DFT/B!)71) Illl'1.I10(1. III
order to Illillillli:t.l' 1.11(' ('Olllpillatiollal co~ts, sid('-chaills Wl'I(' 1101, 'Iddl'd ,ii, I.Ilis st('P
'1.IId thc illt<~I'-('hnill di~tall(,('s of 1.11(' opt illli:t.ed Stl'lll'\,III'l'S ill I D. 21) alld :\1) '1I'l' li~tl'd
COlllpnrill~ these l'l'SIJitS to thc l'Xpl'l'illlclital vahll' of d, whi('h is el.l:> 1\ (for 1'1<'0). til('
ohtailll'd distnllcl's ill t1H'S(' l'as<:~ al'l~ I'datiVl'ly Inrg(' (sec Tahll' cUi), Sill('e ,iii I.II1'l'l'
IIiOll'l'IJial' Sy~tl'lIl~ ~ivl' silllilnr stl'l\('IIII'es, I.Ileil' cicci rolli(' propcl't.ies al'(' l'XI)('l'\,ed to
hl' ~illlilnr 'I~ wl'lI
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ri!!:IIr<' cU) IIOCO <lll<l LUCO ('lIcr!!:.\" lcvels of PI" 'IS it fllll('l,ioll of 1I111111)(~r of /.. poilils
aIIW'I'/D:\LYP II'vI'1.
~ -3g
IP=1.60,V
~=3.4J,V
·P1marPF
EA=4.89'V
IP=1.80,V
E€>p=3.09'V
,~ :, ':. .~. .:. ~, ,~ ; ::.
Fi!!:lIrc ,1.10: DrT /D:\LYP 1D 1>'111<1 sll'lwlllll' of IIOII-p!;lllill' all<l plallill' 1'1,'
II'
Sill('e it apjH'arS tiiat har(' Ila('k-hoIH's (wiLlIollL sidl'-('lIaills) pr('did J"('lal,iu'ly \;\r~.';<'
iIlL('I'-llIol('cldar disLalll'l's ror PF ('veil ill LIII' :\D solid sLaLI' ('al('II\;!I,iolls, WI' 111'I'd 10
look roroLIII'r J"('asOlls I'm LlII' 11IIIk drl'I'ls (as tlIos('ollSl'I'\'I'd ill l'xj)('riIIH'IJls, I',).';
).';ivill).'; rI ('[os('r 1,0 4,1;> A ill hldk PI,'Os raLlII'r tiiall (i,2 A), \-VI' l'Ollsidn III<' roll'
played hy LII(' side-('Imills ill tlI(' hlilk sLI'III'LIII'(' or PFs, III 1,11<' rollowill).'; p,ll'ls or 1111'
LlH'sis, LlIis roll' is illvl'sLi).';,!lI'd iIlIIIOJ"(' dl,tail rOlIIII'sLI'III'LIII'I'orpoly(!l,!J-di-II-III'x\'I-
2,7-f111011'111~), 01 1'1,'11, ,\.lid 1"1'131' (ClIapL('r ;», 1'1,'1-1 W;IS cllosl'll 1(1)(' sLIHli('d Silll'l'
iLs l'xperilll('lItal nyst;J! sLI'III'LIII'(' is kllOW11 H('II('I' ('Olllparisoll \)('LWI'I'II ('xj)('rilll('IIL,J!
'1.I1d COlllpllt,atiolial reslllLs call h(' IImd('
1'ahle 4,0: COlllparisoll of tlIe torsioll;l! (TA) alld LlII' illl('r-('\mill disl,lllI'l'S (ri
spa('illp;) ror tlI(' optilllized stlllcllll'(,s 01 ill ID, 2D alld :m IISill).'; DI.'T/I3!J(1)/(i-
:\IC(d)
4.4.3 The Crystalline Structure of PFH
Sidl'-('lIailis play all ililportalit rol(' ill LlIe hldk strlll'lllI'(' or (,()lldlll'till).'; polyllH'rs,
l3ased 011 tlI('ir Iliorpiiolop;i('s, tlI('ir lellp;tlIs alld/or LlI<' dil'l'('LiOIl or LlIeir or).';'llliza-
tiOIlS, as explaillcd ill CliapLer I, dillel'l'lll packillp; sLI'III'IIII'I'S wiLli LlI<' l'oITI'spoIHlill).';
('\('('Lrolli(' alld opLical properLies I'all 1)(' ohLailll'd ror (,Olldlll'lill).'; polyllH'rs, /\Iso, ;IS il
wasslIowll ill Se('Lioli 4,-1.2, LliatwiLlIolltLlIesidl'-('lIailisLII('ohLailll'doplilllizl'dslr111'-
tlll'(,s ill :\D are pr('lty IIHII'II tlI(' salll(' ;IS LlII' stllll'LIII'('S ill ID 01 20, III IlIis SI'I'l.ioll,
I!)
w(' report. Oil LiJe r('sldl of LiJe solid-sL;Il,(' opLilllizaLioll ('Olllplltatioll for 111(' slllJ<'IIII"('
of PF wiLiJ iJexyl sid('-ciJaills, or rFH, ill :lD alld COl I11)".1'(' iL wiLiJ LlH' ('XIH'riIlH'lllid
TabIt' ·1.7' [II (alollf!: t.iJe IImill ciJaill), Ii (sid('-I,y-sid(' diJ<'('lioll)
alld (' (1f-st.ackillf!:dil'<,(:tiOlIJI for tlH' St.IIJ<'t.IIJ<'S of rF\-I
CrysLal UlliL C\'II Flllor('II(' Dillll'l
A l(j!)2
Ii A 1·1.20
A n,L·1
12~
/ 70
112
('rysL,d Sy 11('I'y Nemly 11('x;l[1;oll;d
We IISI'd :10 PDC-DF'T/I3!J7D/G-:IIG(d) 1I1\'t.iJod to opt.illlizl' LlII' SLIIJ<'IIII'(' of 1'1,'11
1'11(' dil'<'cLiolls (0, Ii, (-) alld tiJI' all[1;II~S (n, (j, ,) l'<,laLive 10 LlH' flllor('II(' dilll('I' ill
LlH' crysL,d IllIiI, cell me defilled ill Fi[1;IJr(' ,1.11, Table ·1.7 Sllllllliarizes Ill<' ('ITsl;d
pmalll<'l('rS ollt.aill('d for tiJI' optilllized st,rlJ<'LIII'<', As illllsLraL(,d ill Pi[1;IIJ<' -1.12 (c),
rF11 fmllis tlH' lIearly Ilex"p;ollal st rlHtlll"e wiLli tiJe sid('-clmills ilrt ('rdi[1;ilat ('d 1)('1\\'('('11
Lll<' 1Ilil,ill ciJaills, TiJis st.l'IJ<'tlll"(' is ill a r('asollably f!:ood agl'<'('llleIIL wil iJ I,ll<' x-r;l\
dilfn1<'Liol1 stlldy of LiJill fiiJlI PFH ill wiJiciJ t.iJI' IH'xa[1;oll;d sLrllcl.lJr(' is posLld,ll('d
witiJ Ibl=lcl=12,.1 A (wiLiJ (\' = [j !)()O ;l.IId, 120°) 1'lII, TiJ;IL is, 1'1.'11 ('Il'stal
hy 1f sLackillf!: disLall('(' close to·1 Aas obsnved ill l'PO, IL siJollld 1)(' 1I01l'd t 11;11 sill('('
Lll<' 1I1,1,ill ciJaills of PFH crysLal ;IIT I'm apart, flllol'<'III' IIl1iLs alollf!: Lll<' 1);J<'k-boll(' IliIv('
tiJe additioll,d d('[1;I'<'\' of f['eedolll t.o roLat(' J<,latiV(' to (',1<'iJ ot.II('r, \-II'IH'(' tlH' POIl'IIII'1
l>ack-boll\' is lIoL plallar alld LiJe cllaill iJas aiJllost tiJI' SHIII(' [1;1'0111<'1.1'.1' ;IS Ill<' g;ls pll'IS('
polnllel', TIH'I'\'for(', W(' ('XIH'lt LiJI' silllilm ('Iectrollie prop('rLies for LiJissLrlJ<'LII[,(,as
~ b
riglll'r: 4.11: Crystal IlIlit cd] parallldr:rs for prJI
for 1.1)(' gas phasl' pOlyll)('1
III the lIext chapter, we ilivestigatC' the roll~ of sidl~-dmill lellgth 011 1.1)(' hldk fmlll 01
rkE3T
4.5 Conclusions
III I.Ilis cllilpl(~r Wl' C'lIlployed DFT-D/E3D7D, to propl'rly ;)("('011111 fm propl'l"Ii<'s Ih;1I
!)I
WI' Iised 13!)70 1,0 optilllize tlie Sl,l'lIltlll'es alld 13:ILYP 1,0 dl'lcl'lIlilll' 1.111' ell'I'll'ollic
pl'Opel'til's Slll'Ii as R.'Iul"s alld 1iii' IH1IId SII'III'1,III'I'S, F()f' tlil' 20 alld :10 SLl'lIltlll'l'S oj
pre wiLliollL Sil!P-l'llHiIlS, 13!)70 gives 1.111' (/'-distallcl' (l'OI'l'I'SpOllllilig 10 1.111' 7f SLilckillg
disLillll'I') too large (ahollt (j A) COlilpil,red 1,0 1.111' I'Xpl'l'illll'lItill vilille of ,1.1;) 1\ 1'01
PFO, For till' 11Idk PFH lIei1l' Iiexagollid crysLal strllctlll'(' WilS ohlililll'd, 111 I,IH' lH'xilg-
ollal strllcl.lll'C' side-l'lIaills kecp polYlllcr hill'kholil'S still fi1l' ilpal'L, 111'111'(' I)i\('kl 1111 II'
plallarity ill t.lie IJIIlk fonll is 1101, ohsl'l'vpd ill optillliz('d :10 solid-slaLe ('OlllpllLiiliolls
III fillt, till' hal'kholll' strlll'tlll'l' !'FH ill Llie hldk is silllili1l' 1,0 Llie 0111' ol)sl'l'vpd ill II)
gilS plias(' l'OlllPlllilLiollS
Chapter 5
The Effect of Side-Chain Length on
the Solid-State Structure and
Electronic and Optical Properties
of Fluorene-alt-Benzothiadiazole
Based Conjugated Polymers
III Lhis ('hapter, hy IISillf!: Lhe displ'rsioll l'OITI'('!.('d dellsity flllict iOlliti t h{'ory (DI-'T-
D/B!)?D) approach, w{' have pC'l'foIl11('d hl"k solid stilL!' ('alcl"ilLiolls to ilIl'l'st if!:illl'
till' illfllll'III'I' of side-('Imill 11'IIf!:Lh Oil Lhl' IlIoll~(,lIlar pa('killf!: alld Lhl' hllik sLrll('IIIJ('
of FIIBTs (where II is the 1lIllIdJl'r of CII 2 IIIIiLs ill t.!H' alkyl sidl'-('Ilaills) (Fif!:IIJ"(' !i,I.
illso SCI' Fif!:IIJ'(' Ll). III additioll 1,0 Oht,lillillf!: 1)I"k sl.lllctlll'ill illfol"lllat.ioll of FltllTs,
I)('LwI'I'11 1,111' Ilil('k-hOIlI illld t.!lI'sidl'-('hilills WI"tlSO illvl'sl.if!:ill(' 1111'1,11'1'('1 ofsid('-
Fip,IIn' iLl: CII('lllicHI sLrt)('LIlrI' of F'Xl3T lI'iL" t"(' di"I'dml allp,l('s dl'lill('d ;IS foll<l\\"S"
<!JI(I,2.:U), qJA5,(),7.X), <!J:IUJ,Ci,IO,II).
c"aill Iell!!:t" Oil t"(' balld p,aps (I~"p) of t"(' F'III3T'i. F'ill,i1ly, 10 slll<h- III(' ('XCitl'd
stat('s of til(' 11i01l01I1('r of 1711131', 1I10!('Clllm 1I01l-oplillli"I'd tilll('-d('llI'II<I('1I1 1)1,"1' is
IIs('d Oil 1."(' illitially opl.illliz('d F'IIl3Ts ill :10 wit" vmiolls 11'IIp,t lis of sid(' dl,lillS to
filld III(' llltrm'iol('I-Visibl(' ( V-Vis) absorptioll slll'ctm
5.1 Influence of the Side-Chains Length on the
Packing Structures of FnBTs
III ord('r to i IIV('Sl.ip,a 1.(' 1"(' (~If('cl. of I."e sid(~ dlH iII 11'11p,1." (II) Oil 1.11(' hi II k sl.l'I [('1111'('
of FIII3Ts, dilfl'I'I'IiL f1exihl(' alkyl clmills 1'1'0111 d."ylp,l'Ollp (C:~II,,, II 2) l.oocl.ylp,l'Ollp
(C:~III7, 11=1') "HV<' hl'('11 al.l.ac"('d 1.0 1."(' (,(,III.ral cmboll HI.OIII ill L"l' fllloJ'('II(' Ilidl
Hlld L"e Stl'l)('l.llrI'S w('re opt.illli"ed IISillg; :30 PI3C-OF'Tjl3!J70 IIll'tllod. T"(' r<'slilis.
ba
ror PIII3T 1I101l01l11'rs: (f (idollf!: III(' Illilill
(sidl)-i>v-sidl' dirl:l'l.ioll) alld (' (7r-sl.a('killg; dir('('l.illll) willl till' l'OITI'Spllllditlf!:
Tahl(· 5.1' parallleters [0 (aloll).!; the IIla.i1l Ii (side-Ily-sid(' dil('dioll)
alld (' directioll)] alld 1,1ll' torsiollal allp;le I.he [lllm('II(' '1IId
I3T for t.he strllctllres of 1"III3T with diff('I('IIt. lellgl.lls (II) 1~II<'rg\
halld gaps, del,('rillilled as discllssed ill t.l1(' tl'xt. aI(' also ilwllld('d
oligolll('1 F13T F213'1' F:lI3T Fell3T 1,';113"1' 1,'(mT F7I3T 1.'1'11'1'
o(A) 12() J2lJ 12(J 12.() 12.lJ 12.lJ 12lJ 12lJ
I)(A) 7.7 10.2 !!.;l 12.1 1:12 1.1.:\ 1;,.1 I;>.g
«(A) 7J K.':) 10.1 12.1 ~1.7 II' 17 17
n(O) 11:\ 11lJ 120 121 1'1 II!) 11:\ 111:1
rW) 12(j LJ7 IJ2 11:\ IO!J IOlJ 10K 10K
,n III K() K(i !)(j 11K lJK 100 10:\
nysl.al syllllll('l,ry Iriclillic 1I('mly 11('xa).!;nllal I.riclilli( /lalll('llal
(/)1(°) 40 50 ;10 50 -I(j -17 -I(j -II
F,'g(l3lJ7D) (·V) 2,07 2.12 212 2.11 1.1)1 I.()I IlJl t.!JI
F,'g{I3:\LYP)(eV) :1.2:\ :\.:\2 :\.:\2 :\.:\1 :un T O~I TOI U)I
F,'g(Ex.[25J)(V) 2.!J
as Slllllillmii:ed ill T'lhl(' 5.1, illdic:l1,(' I.wo dif'f('relll, p,l('kill!!, sl.rllJ'l,IIr<'S d('IH'lldillg 011
I.he side-chaill lellgt.h: t.lH' IH'iHly hexap;ollid ,\lid t.h(' lailielim st.rlldlll(·S. Fi).!;Ilr(· ;1.2
illllsl.ral,('s how I.h('dir('cl.iolls (0, Ii, alld c) 'Illd allgl('s (n, f1, all<l,) m('d('lill('d rl'lali,·('
1.0 I h(' sillgl(' 1"KI3T 1110110111('1' (t.h(' SHIII(' dl'fillil iO[IS m(' IIs('d I'm all F[1I3T 1I10[IOI[I('I'S)
III 'Iddit.ioll, th(' lilllit.illg cast' 01110 side-clmills (1"13T) is also illf'illd(·d ill T,dll(' ;>.1,
It. shows t.hal dll(' t.o t.l1(' illt.ra-I[lo!ccldar ill!n'l('l.iolls aloll).!; Ih(' IIl'lill Ch'lill 111('1(' is 'I
relal.iV<'ly Imge I.orsio[ml all!!,I(' (dOO) Il<'lW('('1I111(' flllm('II(' ali(I 13"1' IllIits which dol'S
1101. allow I'or dlici(,111. 7r altr:l('I,iolls h('l.we('1I I.h(' 1I1'Iill cllai[1 p\;III('S 1·('slilli[l).!; i[1 111('
l('laliv('ly larg(' illl.r'r-c1mi[1 disl.all('(' (I') alld 1.11(' J'(,lali"('h' \I'('ak illlf'r-ch'lill illl('r,l('l.iolls
iii this case. I.IH' Ch'lill h,]('k-h(lIl(, has a silililm ).!;('olll<'lry to 1.11(' opl.illlii:('d slrll('l.llr<' ill
10 PI3C-01"T/I3!J70 (sillf',le chaill), ht'II('(' ('ss('lIl.ially r('prOdll('ill!!, a ).!;as ph'lS(' l('sldl
(St'(' ,dso Fip;IIlC' 5.7 ill which 10 alld :\0 halld ).!;aps are ('Olllp'lrl'd)
l3y addillg sid('-c1mills wil.h diffelTlI1 1('1Ip;l.hs, th(' illlt'rplay h('l.w('('[1 1.11(' ill!,r'l- alld
iIlL('r-lllo\('('ldar illLl'nwtiolls ofsidl'-('haills allllillilill ('hllills ("Ill d('I,l'rlllilll' wlli('11 lTYs-
lal sLrJwLIIi'(' is Illorl' favorahle ill 1,1](' grolllill sLal,l', For 1.1](' sl,I'II('LIlI"(' wi\,ll sllorl,l'l
sid('-dlaills, ('ollsisLillg of two, \,111'('(' 'Illd I'o Ill" l'arholl aLolIIs, silllilar 1.0 LI](' g'ls pIIiIS("
Lhl'I'l' is a larg(' torsiOlml '1IIg\(' (;)0°) 1)('lwl'l'lI th(' flllol'l'II(' '1IId 13T 1IIIits, III Ihis
l'aS(" thl' sid('-c!lHiIlS al'(' illtl'rdigital,l'd IllId orgalli"l' \,I1l'IIISl'IVl'S 1)('LII'('l'll 11](' IIlilill
('haills alollg 1.1)(' 7r-sta('killg dirl'('Lioll l'allsillg a rclaLiVl'ly larg(' iIlL('r-('lmill dislalll'l'
((') 'IS illdi('at('d for F'413T ill F'iglll"l' fl,:\ (1I0t<' (' = rl ill LlIl' Figlll"l's ;),:\ alld ;1,·1 \\'lli('11
show optillli"l'd PJJC-OF'T 1>IIIk :\0 sl,rll('tlll"l'S) t.hat iIIlTl'aSI'S wiLli LlIl' 1('lIg1 h of 11]('
sidl'-('lillills (Sl'l' Tabll' fl,l), F'iglll"l' fl,:! also sliows 1.1111,1 LI](' ('liaills display ,dLl'malillg
sLrJll'Lllrc witli 131' fa('illg LlIl' F IIlliL, Till' lTysLld sYIIIIIIl'lry ill Lliis l"IS(' is allliosl
Iil'xagollal. 011 Llil' oLIil'r Iialld, for till' sLrlll'l.llI"l' wiLli 10llgl'r sidl'-('Ii'liIIS l'llilSisl,illg 01
fiVl' 1.0 l'iglit. l'arl)OII atoills, Llil' 7r-st.a('killg disLall('I' is l'ssl'IILially illdl'!)('lIdl'1I1 of 11]('
sidl'-('liaills 1('lIgt.1i (Sl'l' Tabll' fl.l) wliill' Llil' disLnlll'l' alollg LlII' sidl'-by-sidl' dil'l'I'lioll
ill('l'l',ISI'S lilll'arly as LlIl' 11'lIgtli of I 111'sidl'-('llaills is illlTI'nsl'11. For IIII'SI' Slrlll'llIl'l's, 111l'
sidl'-('liaills alTallgl' 1,1i1'IIISl'lvl's alollg LI](' sidl'-hy-sidl' dil'l'('1 iOIl, \\'iLlI 110 ,J!I nll'li,ioll tl!
131' alld F IIllits, alld displny a l,lIl1l'lIar p,wkillg wit.1i ,I l'ollsidl'r,J!)ly sllmlll'I' 7r illtl'I'-
('linill disLallCl's (SI'l' F'iglll"l' fl,4 alld 1'nl)ll' ;l.I), Tlil'sl' slIlnlll'r 7r illll'r-('liaill dis!;IIlI'I'S
II'nd 10 IIlorC dli('icnt. inter-('linin illLl'I'acLiolls rl'slIlt.illg ill n ilion' pl'lIlilr Iln('k-bolll'
(Sl'I' l~lb\(' fl,] wlii('1i sliows tliat for 101lg;I'r sidl'-('liaills tI](' dilicdral allgl('s 1)('II\,l'I'1I I"
,11)(1131' arc 1'I'llill'l'd 1.0 approxilll,I,Ll'ly 1;1° fro II I ;.0° for tI](' silortn sidl'-('Ililills)
III SlIlIlllIary, for tlil' FIIJJ'Cs wiLli 10llgl'r sidl'-dliliIlS, dill' 1.0 Llil' sigllilil'nlll illl('I'lIltll('I'II-
lar illll'l"ilct.iolls bl'l,Wl'l'lI i,lil'Sille-('linills, LlIl' pn('killgofLlIl'sl'I)(llyllll'rs fOrJIIS,II'III]('ILII
SLrll('Lllre, 011 Llil' o\,lll'r Iiand, for tlil' FII13T witli shorll'r sidl'-('liaills, 11](' 1'\'lilldril',J!
plinsl' is 11101"1' favorablc ,lIld Llll' (,OITI'SpOlldillg lTySIIJ!S III'(' allliosi, IIl'x'lgollnl. Also, ,IS
'I I'l'SldLofLIil'clli('il'IILilll'('r-('linill illl,l'rnct.iolls forLlIl' Inllll'lIarsLrJIl'LIIi'('s,IIII'dil]('dl',J!
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allll,ll' IH'LW1'CII Llil' F' alld DT IIl1itS is I"('dllc('d hy alHllll, :\00 providillll, iI IIIO\(' pl;III;11
('Oldill,llratioll for t.1i('hilCk-holll', TIi('sl'dill'e\('1I1 pill'killll,sLl'lIl'LItr<'s(';IIII)(';lIlrihlll('d
1,0 LlIl' IlIilTophilSl' separaLiolls hl'tWl'l'll Llie lIexihll' sid('-cliilills ;lIld I Ill' rill,id I';ll'k-
1,0111'S alld ;lI'(' ill all,I"('I'III('IIL wiLli previollS illv('still,at.iolls for ot.lier 11;liry-rod PO!.YII1l'rS
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III addit.ioll, LlIl' illLl'r-lllo\('cltiar illl.l'I',ICLioll ellerll,il'S werl' ;111;1Iy,,('d hy cmryillll, 0111
rill,id poLelll,ial l'lIl'rll,Y CIlrVl' scalls wliicli rillployed sillgl(' poilll, ('IIl'rll,\' :\\) 1)13('-
OF'T/GlJ7D l'olllpllt.aLiolls 011 opt.illli"l'd (also wiLli :m rGC-DF'T/GI)?D) sLl'lIl'LIIII's
(F'2GT alld FKGT weI"(' cliosl'lI as rl'p\('SI'IILilt.ive ('X;lIllp!l'S) as a fllilltioll of LlII' illl('r-
11I011'l'ltiar dislallce d alollll, LlIl' 7r st.ill'killll, dil'I'(tioll. III 111l'SI' illl,('r-lllol('('ltI;lr S(',IIIS,
all Llie otlier varial)\(,s (illtcl'wd illt.n- alld illt.ra-ll,rolll('Lry pal';III1l'I.l'rs), l'x('('pl tI, \\'('\('
krpL riXl'd at Llil' GmO opt.illli,,('d vall1l's
A cOlllpmisol1 ofLlierill,irl pot.I'III,iitll'II('rll,yscalls'lsiI fllll('\,ioll of7r-slilckillll,disl;IIIl'('
(tI) for Lhl' lall1l'llal' sl rlld,Itr<' (ilS 1'<'!lll'S('III('d hy F'KI3T) wiLli 111l' IIl'x;lll,olliil sl rllcl II\('
(l'<'pl"('SI'IILl'd by F'2I3T) , ilS SIIlJWII ill F'ill,III'I' ;>.;, (a) illld F'ill,1 I1'<' fl,;, (h) l"('s!H'('livI'I\',
illilsLl'atesLliat.tlirll,l'adieIlL('llrl'll,v/dist.allcl')oIlLlI('rill,hLsid('oft.lielllillillllllllis
('Ollsidl'l'ahly sl.l'I'I)('r for FSDT (~2 l'v/A lll'ill' I lie IIlillillllllll) t.liilll for F2I3T(~ lI,l
rV / A), This slli';ll,l'sl,s t.hat Llie iIlLl'I'-lllolt'clllar illt.l'l'ill'Liolls I)('LwI'I'1I sidl'-cll1lills illlli
LlII' polYIIlC'r biWk-holll' for tlil' lalliella[' slrll('\,III'<'S aI'<' 1I111cli sirollll,er Illilll Lhosl' 1'01
Llil' hl'Xall,Ollid sLrllct.llrcs, III addit.ioll, il di\('(t cOlllpmisoll of till' ('IIl'I'll,\' l'III"\'I'S ill
Fii';llrr ;>.fl (a) wliicli l'OITl'SPOlid 1.0 LlII~ FKDT wit.1i iliid wiLllollL sidl'-l'ilaills, fllrllil'l
SllpportS Llirl'ollclllsiolJ LliaL LlI(' 1(11).!;('r side-cliaills m(' of pmil I11011 Ill. illl\)(lrlillll'l' ill
Llie fOl'lllatioll of I lie (1IIorr) slahll' IJIIlk slrlll'LIII"(' of FlIl3Ts
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TIl(' ('{fed of sidt'-('Imill !(,II).';LIi Oil !JI(' illtl'a-lIlo!I'I'llIal' ilill'I';\('Liolls ill il sill).';II' iso-
(wiLli opl,=lIlodl'('dllll(lalll, k('yword) Oil IIIOIIOIIII'I'S (F2I1T iliid I,'XI3T \\'1'1'(' ;dso Ilsl'd
;IS l'('pl'('sl'lItativ(' I'X;lJllp!('S) wiLli LIi('il' ).';1'OIII('tl'i('s opl,illii/:('d ilt (,;\('11 S('illl poillt IISill).';
1110!1'I'lliar DFT/I3:ILYP approa('1i , TIi('s(' SIII'f;\('(' S('ilIIS illvolv('d ('al('llIill ill).'; LIi(' I'('!-
aLiv(' ('III'I').';i('s ilS il fllll('Lioll of Llit' two dill('dl'a! illl).';!I'S, 02 alld 1):1 (SI'I' Fi).';IIJ'(' :1,1)
To illv('sLi).';al.<' tli(' ro!I' of sidt'-('Imills !1'II).';LIi ill tli(' iIlLrn-llloll'I'ldal' iIIL('!"i\('Liolls 1)('-
1,11'1'1'11 sidl'-C'ililills alld tli(' IlH('k-holl(" til(' 1'(,lilX('d potl'lItial I'II('I').';Y SIII'f;I('I' S('ilIlS ,IS
fllll('LiOIl of two dili('dl'al illl).';l('s of sidl'-dmills, (/>'2 alld 1):1 (SI'I' Fi).';IIII' ;1,1) I'or til(' I'I'P-
l'('st'liI,;\tivI' IIIOIIOIII('I'S or 1"213'1' alld 1"1-\13'1' ;\f(' displayl'd ill Fi).';III"I' :di, 'I'll(' 1'11('1').';\
dilt'I'I'('IIl'C'sol'tlll'I'ol'l'I'spOll(lillp;llIollolIl('l'sasilldi('aL('dilltll('(,OIlLolII'ploLilll,'i).';III'('
[disliowa sOIJl('wlmt st('I'\){,l'dl'SI'I'liI, 10 til(' Illillillllllll I'or I"XI3T 11(';\1' 1111'I'I'III.I';I! Stil-
111(' poi Ill. Lliall for F211T, Tliis l'OIlIP;\l'isOIl ;l).';aill ilillstl';tll's Llial Ill(' ilill';\-1I10!1'I'III;11
(as 11'('11 as illt,n-lllo!I'I'llIar) iIlL('!'i\('tioll aI'(' sl,l'(lIl).';(,1' I()I' pO!YIII('I'S wit!1 IOIli2,n sidl'-
('lli\iIlS, TIi(' l'Olllp;I,l'isOIl 1)('1.11'1'1'11 1,'ip;III'('s :l.f) illld f),(i (say for 1"XI1T) illso slim\'s t Iiai.
iIILI'I"-1I10!1'I'II!ar ilil,na('Liolls IH'tWI'I'1I sid('-('Imills illl(l /loIYIIII'1' Ilil('k-IHlIII'S p(;I\' 11101'('
dOlllilmllt rolt' tliall tli(' (,Ol'l'(,spolldill).'; illl.l'a-III0I('('lliar iIlLt'rnd,iolls ill I'orlllitiioll 01
sLahll' hlilk stl"ll('l,III'('S
[J
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5.2 Influence of the Side-Chain Length on the Elec-
tronic and Optical Properties of FnBTs
Llie 1"11 81's. III Llil'sl' elrcLrollic b'lIll! gap sl Iidies, WI' cmrird 0111. Illoll'Clliar Sillgll' poilil
l'lll'rgy OFT/B:ILYP or OFT/I3!J70 l'alclliHliolls Oil till' 1I101lO1l11'rs of FIIGTs wlioSI'
gl'OIIIl'try paralllrtrrs w('I"r fixrd al. til(' oplilllii:(~d vHIIIl'S oblailled ill LlIl' fllih' relm;l'd
:10 PBC-DFT/I3(J7D COlllplltatiolis (ref(,I'I('(1 to as G:ILYP/B!)70 or I3lJ7D/l3lJ7D fOI
slIorL). III tliis HpproaclI, tlie balld gaps of 1~'III3Ts were l'sl ilililt.<'d HS LlIl' l'lln).!;\'
difren'II('('S brtW('('11 tlir HOMO alld LUf\IO 1'lIrr).!;ies ,IS obLaill('d ill till' IIloI1'('IIi'11
OFT ca!cIlIHtiolis. As is slIowll ill Tabl<' [i. I, LlIl' solid sl.HI<' p,\('kill).!; of IlIl' sLrlll'1 III'I'S
wiLli IOII).!;l'r side-cliHilis (1"1113'1' wiLli 11=[i-K) "'Hds 10;1 delTl'HSI' ill III(' LorsiollHI <l11).!;1('
IIl'Lwl'I'11 [-IIlorl'II(' Hlld 131' IllIits providill).!; a Ilion' plHllar (·Ollli).!;llr,iI,ioll for III(' b'lck-
IlOlle ill Ilir IHlllrllarsl,l'Ill'l.lII'e. Tliis plIysicalllwdilil';ilioll ill tlll').!;('Olllelr\' of 'II(' Il;\('k-
IlOlll'S din'ctly alreds till' l'lIl'I').!;.Y lewis Hlld cOllseqlll'liI,ly LlIl' l'll'cLrollic ;111(1 opl,icHI
propl'lt.ies of tlie FIIBTs III Fip;lII'e [i.7, til(' LUf\LO-HOf\IO IHllid gHpS (!~'1"I"s) ml'
plol.\rd HS H hilictioll ofsidl'-ciiailis Irllp;LII (II) for til(' 1I101l0111('rS of 1<'1113'1's wllil'il, ill
1.111'11. wrl'(' opLilllii:ed ill tlieir ).!;rolilid slaLes witii Llie IIS(' of II) Hlld :\0 solid-sl;ill'
c,lIclIlHt.iolis (se(' COIIIJJiltHt.iolial Dl'I'.HilsSl'I'lioll for Ilieiliodolo).!;y)
For t.IIe Ili0St pari. Hlld ,1S rxprctrd, IlIl' lr'IIp;t.II of til(' sidl'-l'ilHilis docs 1101 ;111'1'1'1 II",
vHllIl' of IlIl' balld gap of till' FIIBT 11101i0l11l'rs ill 11) CHSl'S (!;;~"1' for II) FI3'1' is sli).!;IIth
IIi).!;II('r (:\.21 eV) ill l'OIllpmisoll to tlie l'('III;lillill).!; v;llIl('s. all closl' 10 :1.17 I'V, for II",
ol,lll'r IIIOIlOlIll'rs wiLli lillitl' II). Also, ,IS ilidicaLl'd I'arlier. III(' :10 '1IId II) balld ).!;HpS
fOl' 1"131' ).!;iw Ill'arly till' S'IIIIl' VHIIII' Hlld III'lll'l' 11'1'1"111 sal' IIIHI ill Illis C,ISl' 1<'13'1' Ililik
sLrlll'l.1II'e is tliesHIIII'HS tlIe).!;'ls pllilsl'. Itl IlIl' :10 CHSl'S. dll(' 10 Ilil'solid-sl;ill'I'lrecls.
FaBT
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Tlil' LUi\IO-HOi\IO halld ).';aps (I,,'yol''s) 1',llclllaLl'd wiLli DFTjl3:\LYI' Iisill).';
opLilllizcd (wit.1i solid-statl' 1D (-) or :\0 (=-=) P13C-DFTjl3!JID) SLlIll'tllll'S
of 1.11(' IIIOIIOIII(~I'S of FII13T wiLli diffl'lcllt. 1IIIIId)(~1 (II) of ell:! 1lllit,s ill sidl,-('lliliIIS
ExpclilllcllLal VHlil(~ [2[)1 1'01 F~DT is also SIIOWII
L11(' halld gap is de(Teased hI' 0,2 alld 0,:1 I'V for Lile lalliellar SLrll<tml'S COITI'SI)()lldillg
1.0 polylll<'rs wit.i1 IOllger sidl'-cilaills n'laliV<' 10 Lile gas pilase (10) alld III<' i11'X,lgOIl,1I
stlllCLllres witil silortn sidl'-cllHiIIS respecLiV<'ly, It silollid 1)(' lIoLed tilat. III<' halld g,lp
for L11<' 1I1'arly i1exagollal st.rlldmes illnl'ases hI' 0,1 eV ill COlllp'lrisol1 10 iLs gelS pil,ISI'
vallll' wilicil is IIl1l1sllal sillc(~ IIlos1. of tile Lillll' IJldk dkct.s 1.<'11<1 1.0 n'dllcl' L11(' h'llId
gap vail II'S, However, ill tilis niSI', t.i1is l)e!I<lvior is 1101. 1I111'XI)('cl,I'd Silll'l', as l'all hI'
SI'I' fro II I Tahll' fl,l, tile t.orsiomll allgll' 1)('Lwel'lI F allli I3T altllally ill(TI'aSl's ill til('
Ill'xagollal Iwckillg rl'\;ILive 1.0 gas pilasl' alld il. is \\,1'11 kllOW11 Lilal, h,lllli g'lp 1·,III1I'S
illlTI'aSI' will'lI plilllariLy alollg Lill' IlHI'k-l)olll' is dl'<Tl'ilSl'd, Also, Lilkillg L11<' al'I'llral'\
of cillclliated vaill<'s 1.0 I decillial pOillt, Lill' vallll' of I ill' halld gap 1'lIng\' for III<'
lalll('lIar sLrllcl.ml' of Fill3T is 011' hy 0,1 IV wllell l'Olllpil.ll'd wiLh iLs l'xl)('rillll'III,1I
n'silil. [2[)I, Tilis illdicates LilaL 1101. all I ill' illLra- alld illt.I'r-lIloleclllm ilt!I'racLioIIS an'
,Il'I'OIlIlII'd for ill tile:m I'13C-OFT/I3!)70 slrllltmal calcldaLiolls
Fillnlly to filld t.i1l' l'xcited st.ntl's of FIII3Ts, WI' pl'rforllll'd 1I1011'I'lIlm, 1I011-0pl ilili/'I'd
tillll'-depl'lIdellt OFT, TO-OFT/I3:ILVI' 17i1, 7!), RO, ill, il21 calclllaLiolls, agaill, Oil til('
1I1011011l1'rs ill til<' variOils solid-stat.l' 13~)70 opLillli/,ed sLrllcLlln's (ol)Lailled ill II) I'IIC-
OFT/I3!J70 for tile gas pilasl\ nlld :m PI3C-OFT/I3!J70 for l('pn'SI'IILaLil'l' II<'x'lgollid
alld laillellm sl.rllctml'S COlllpllt.al iOIlS), Usillg Ihe 1"0-01''1' daL'l, UV-Vis allsorp-
Lioll slJI'cLra wen' deLI'lIl1illed wiLiI Lill' i1l'lp of Lhl' SvVi/,nrd proglil II I [iI:![, CII'mh',
Lill' 1II0lel'II1m packillgallli COli for 11 Ii\.Liolla I challgl'salollg 1111'dlil.illllill'k-holll'S II111s1
,lIso ell'l'<'I I,ll(' ahsorpt.ioll specl.m ill say phoLollllllilll'SI'I'IICI' I'Xpl'1'illll'IILs, Usillg 1111'
'1'0-01.''1' approach as dl's<Til)('d ill Lhl' COlllplltaLiollal OeLails SI'ltiollS, Ihn'l' n'p-
l('sellLaLive ahsorpt.ioll SI)('I'Lra nrl' ohLaill<'d alld arc displayed ill !"igml' [I,iI, Thl'\
l'OITl'SpOlld 1.0 Lill('I' difl'en'IIL p'lI'killg SLIIIl'Lml'S: L11<' gelS pilase (I"I3T), i1l'xagoll,t1
(1<'<./131') ,\.lid lalliell'lr (Fil13T), Tile spl'clra show two peaks associaled wiLli Ihl' Lwo
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scpal,lI,I' cll'l'LWllil' LlallsiLiolls ill l'OITl'SpOlldillg FlIl3Ts Till' SI)('l'LI'11111 for III(' 1,IIII('ILiI
stllJ('LIJrl' is silifLl'd to 101112,1'1 WaVl'll'llglils n'\;\1 ivl' 1,0 til(' g;\S pilasl' alld I II(' ill'xa).!;oll<d
pil<lSI" 1101, SIIIPlisill).!; l'ollsidelillg till' ).!;n',\Ln plallmiL\' of Iileil ('ilaill h,\('k-holll'S, J\
).!;ood <I).!;n'I'1I11'lIt wilil til(' l'xpelillll'IILal n'sldL IRI)I (wlli('iI is also ilJ('llllkd ill Figlln'
fl.R) is ohl,ailll'd for thl' ahsorptioll SI)('ltllllll of IT\'sLallilll' FRI3T, 130LiI 111l' ('OIIIPIII a-
Lioll<tI ;lIld I'XIH'lilll('IIL;tI daLa fOI FRI3T display a Ino,\llel peak thai, is ('ellll'll'd III'al
·1(;:) 11111 alld till' lI<lITOWI'[" Olll' Lilal is ('1'1I11'["l'd III'al' :\2011111
5.3 Conclusions
III l'oll('IIISioll, thc dOlllillallt LOlldoll fo["Cl's (sl'e CilapLe[" 2) Ill'Lw('I'1I til(' sidl'-('ilaills i[1
1ile sLIIJ('tlll"es of FIII3T wiLiI 101l).!;e[" sidl'-l'ilaills (lI>c.I) ('all illdlll'I' a IlIil'l'opllaSI' sl'pal'a-
lioll IleLw('I'1I Lile fll'xihll' sidl'-l'lmills alld til(' ["igid h,\('k-hoill', providill).!; a[1 or).!;alli!'l'd
pilasl' of sidc-dlHillS ,tlOII).!; till' sidl'-hy-sidl' din'('Lioll <I[ld fOlllli[lg a 1<l111l,1I,11 pllasl' willi
a <'ollsLalll <llld Slllalll'1 7f-sta('killg dist;\II('I' 1ll'lwI'clI liI<, IIlaill ('ilaills, Tilis 111011'1'11\;11
p;\('kill).!; leads 1,0 <I II lori' plallm ).!;1'oIlI('L["y of tilc hack-holll' wilil'iI din'('1 h' alll'ls I ill'
l'II'('Lrolli(' ;lIId opl',in11 prope["Lil's of Lile SySLl'lll. For I'xalllpk iL ["l'dlll'I'S till' [IIlIII'I'ldal
Ilalid gap hy almllL 0,2 I'V a[ld 0,:\ I'V ill ('o[llpalisoll 10 I ill' ).!;<lS pilasl' ;1I1l1 111l' 1'\'lill-
dlil';tI pilase lespedively, Also, Lill' ahsorptio[1 spl'l'Lla for tllis pil,lSI' is n'd slliI'll'd i[1
('O[llpmisoll 1,0 Lill'oLilel pil;1ses, 011 tlll'oLilelil<llld, for till'('ylilldli(';tI (iI<'X'\).!;Ollitl)
pilasl', Lile side-('ilaills <1.)'(' too silorL 1,0 dli('il'lltly illt<'nll'L. Tilnl'forl', for Iilis IIl'xa).!;-
011;\1 pilase sidl'-l'iI;lills illLl'ldigiLatl~ <llId ,m' lo('ali!'('d hl'LWI'I'11 till' III<1ill-('ll<liIlS ;tlolI).!;
1,11(' 7f-sLa('killg di["e('Lioll <I lid, ill'II('I" nl.lISI' a Imgl'l i[IIl'I-l'iI,lill dist,all('I' a[1l1 I'O[ISI'-
'1111'IILly sllmllN illl,el-llloil~l'ldm i[lll'lal'Liolls, TIIl'SI' di f!'l'lel II, p<l('killg S( IIJ('I lin's 1m' i[1
agll'clllCIII wiLiI plevi(J!Is i[IVl'S!,ig,\!'iolls fOI olill'l Ilaily-rod POh'IIII'IS II, 21
(;~
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j"igllrl':),S l\!>sol'plioIISp,'('II';\ol'IIJ('\';\l'ioIISIIIOIIOIII"l'sillllJ('j'('p1','s"III"li\','opli-
IIli~('d (willi 1)13C'-I)I'''I'/I3'J7D) slnJ('lllrl'sollcllllT ill II) "lid ill:\I)
(11=-1) ;\1,,1 L\IIII'II;\I' (II=~)
10 ('xpni II J('1I1 "I ,L\I;\ lor 1.'~llT l~!)1
Our reslllt.s for till' opti('al properti('s of F~I3T ill lallll'lIm ph,ls(' are' ill ~ood a)2;I'l'('IIIl'lIt
with thl' experillH'lItal dat.a. The rl'sllits obtai lied ill this work also illdicate' I hal 111l'
disp('rsion (,OlTe('tl'd fllndiollals siwh as 13!)70 arc inlportant in dl'ternlinill~ COITI'<'I
:10 solid-state strllctllrl'S. I [()\V('\"('r, the e!('droni(' alld optical properties sllch as
band ~aps and absorbt.ion SIH'cl ra al'l' hest d('snil)('d Ilsill)2; a hybrid approach I hal.
('lIlploys I.h(' PI3C-OFT/I3!)70 I';eollll'tri('s in the IIlole('ldm stl'lwlllrl' OFT/I3:ILVP III
TO-OFT/I3:\LVP ('alclllatiollS
Chapter 6
Summary and Conclusions
III Ihis clmpt('r, we Sllllllliariz(' t.!\(, IIlajor r('sliits of this work. Om C,dCld,ltilliIS illdi-
cat(' Ihe illljlorlalice of the disp('rsioll tl'rlll illcilided ill I3D7D flilictioll<d for 1I10!<'Cld,11
ndclilat.iolis which n'sidls ill physical strlldmal d('sniptioll of 1I01l-!>Olldl'd flllon'III'
SI'Stl'IIIS. III additioll. 'l cOlliparisoll !>('twI'eli III<' rcsldts of II\(, II) solid-st'lII' fhlorl'III'
poh'lIlers o!>tail\('d 1'1"0111 13!)7D wil h t hos(' o!>taill('d fnllll 13:ILYP shm\'s t h,lI ,dl hOIli',11
III<' g{'ollll'lry parHlllcl('rs of II\(, oplililized st1"lwtmcs an' dOSI', 13:11.,1'1' sillgl{' poilll
calcldatiolls Oil PI3C I)FT/I3D7D sl 1"1 wI IIr<'S !<''lds to Illorl' ,WCllr'lt(' n'sldts for I'sli-
1II'llilig Ihl' {'III'rgy lel'l'ls 'llid II\(' !>'llid gaps
Fmt I\('r thc ilitTa- ,lIld illll'r-1I10I{'clilar illtl'r,wl iOllS SI'{'1I1 to 'lffccl I hi' g{'OIlIl't ry p'lrillll-
I'tl'rs of III<' flIIOJ"{'III' 'llid IIlIorl'III' {!<'ril·alivl's. For I'X'lIl1pll'. Whl'lI Ihl' lorsioll,d ,11Ii',11'
!>et\\"('I'1i t.he fhlOJ"{'III' IIl1it.s is l'l'lhwcd ill lIoll-!>oll<!{'d clllsll'r of fhlOn'III' dilll('rs, II\(,
l'IIl'r/-';y II'vcls alld cll,{tl"OlIic propl'ltics of t.!\(, SyStl'lli C<l11 Ch'lll!.';t'. III poh'II\('rs (wi I h
lall\(,llar 11Idkstrllctllrl'), t.he' illt.er-c1mill illln,wtiolis J"{'sldts illch<lillswilh IIIOn'pl<lIl'11
Il,l('k-llolll' alld ("OIlSI'!J11I'IIt.!y re<!lw{'d 1),lIHI gaps !>y a!>ollt 0.2-0.:1 ('V. Wc illl'I'sl ig,ill'd
Ihe origill of t.!I<'SC illt.{'r-chaill illteract.iolls!>y perfo1"lllilig :\1) f'I3C DFT C,IIcIlI<lliOIiS
70
7\
Oil the strJwtllres of "foil alld FXI3T_ 111 pmticldm_ IIH' I'Oll' of sidl'-c!I<1ills Il'lIl-';th Oil
III(' (TI-slallille slrlwlllr<' alld illln-c!lilill p,lckilll-';of Ihes(' slrJwlllr<' 11-<1S stIHlil'd_ 1-'01
Ihe SlrJlClllr<' of rFH Ihe 11(',11'1\- hl'xal-';ollal StrJwtllrl' \\'('r<' o1>tailll'cllI'ith ,I relatil-eh"
Iml-';e illter-chaill distallce tl1<11 is o('('lIpied In- side-chaills_ For tlH' 1>lIlk FII13T II-her<'
11 represellts 1I111111)l'r of CI12 IllIits ill the alkyl side-chaills (stlHlied ';1-sI('IIIS II :2-x) ,
11'(' fOlllld that dl'pl'lIdillg Oil I he Il'lIgl h of the side-c!I,lills diffnl'lIt packilll-'; forlllS wen'
o1>tailled: for lip to 11 ,I a cylilldrical phasealld fl'OlIl II-:l IIpll'.mls a !;"ll('lIm forlll
was fOlllld, For Lhe lallielim forlll <1 sillalll'r torsioll<11 'll1l-';ll' 1>l'tll'l'('11111(' flllllrl'IH' <1lld
jH'lIzoLhiadiazolr' is 01>1 <1illl'cI Lh<111 for Lhecylillclrind pllilSl" r<'slIllilll-'; ill.1 SIII,d\I'r I><IIHI
gap which is ('()lIfirJlIl'cllly l'xcilecl slaLe TO-OFT C,dl'ld,iliolls
111 cOlwlHSioll, Lhl' 1!<'lailecl kIlOwll'cll-';l' of llie 11Idk slrJwlllre of conjllg<1lecl poh"IIII'rs
(e,g, pill'killg, nystal syllllll('lry, I lie oril'IIlalioll of sicll'-ch<1iIlS, l'k,) is l'ssl'lIlial 10
dl'lerillilll' Iheoplic,d ,ll1c1 eleclrollic pl'Opl'rtiesas well as tll('c!lilrgl'cmrin Illoililil\'
ill these Illaterials, Tliis work has thl' polelliial to prm'ide IH'II' physical illsil-';hls illio
Ihl' pill'killg df('ds Oil slrlldllr<' allcl c!1'ctrollic pr0p('J'lies of (,()lIjlll-';ated pol\'lIll'rs, 111
pmt iClllm, the (TI'stal ';1'1 11 11 Il't ry alld illter-lIlo!l'clllm packilll-'; illforJllat iOIl of foxIrI'
call 1)(' IIsed to flirt her stlldy thl' chmge lrnllsporl ,"Id IlIo1>ilil,Y Sillllll<1lioll of Ihis
poIYIIIl'r.
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